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   l’améliorer	   et	   obtenir	   cette	  
dernière	  version.	  
	  AKNOWLEDGEMENTS	  
	  
	  
I	   would	   like	   to	   thank	   the	   external	   members	   of	   my	   jury.	   Professors	   Nicolas	  
Sergeant	   and	   Jochen	   Walter,	   thank	   you	   for	   your	   availability,	   your	   interest	   and	  
your	  kindness.	  It	  was	  a	  great	  honnor	  for	  me	  to	  have	  the	  opportunity	  to	  meet	  you,	  
share	  my	  work	  with	  you	  and	  attend	  your	  fantastic	  conferences.	  I	  wish	  you	  all	  the	  
succes	  you	  deserve	  in	  your	  further	  researches.	  
Professeurs	   Octave	   et	   Ilse,	   je	   vous	   remercie	   pour	   votre	   gentillesse,	   bonne	  
humeur,	  votre	  implication	  et	  vos	  conseils	  avisés	  lors	  de	  nos	  multiples	  réunions	  de	  
laboratoire.	  Merci	  Monsieur	   Octave	   pour	   votre	   générosité	   et	   votre	   accueil	   lors	  
des	  délicieux	  barbecues	  improvisés	  à	  la	  campagne.	  
	  
Je	   voudrais	   maintenant	   remercier	   cette	   équipe	   formidable	   avec	   laquelle	   j’ai	  
évolué	   ces	   5	   années	   (je	   vais	   essayer	   de	   le	   faire	   par	   ordre	   chronologique,	  
certain(e)s	  comprendront	  pourquoi	  J).	  J’ai	  rencontré	  de	  très	  belles	  personnes	  qui	  
sont	  devenues	  pour	  la	  plupart	  bien	  plus	  que	  des	  collègues…	  
Nathalie,	  pleine	  d’entrain	  et	  souriante,	  toujours	  prête	  à	  aider	  et	  conseiller.	  Tu	  es	  
une	  scientifique	  et	  encadrante	  hors	  pair.	  Je	  te	  souhaite	  le	  meilleur	  pour	  ton	  avenir	  
professionnel	  mais	  aussi	  personnel	  avec	  ta	  magnifique	  petite	  famille.	  
Laetitia,	  Lety,	  Mamy	  (ou	  ma	  mie,	  tu	  préfèreras),	  mon	  petit	  chat,	  on	  a	  commencé	  
en	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et	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  tellement	  
bien	  plus!	  Parce	  qu’avec	  toi,	  lyser	  50	  puits	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  CC	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années	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   hommes	   de	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   comme	   une	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   début	   2009,	   alors	   que	   son	   origine	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   inconnue.	   Le	  
moins	  qu’on	  puisse	  dire	  c’est	  qu’on	  en	  a	  passé	  des	  bons	  moments!	  Du	  moins	  dès	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  j’ai	  pu	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  grande	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  de	  l’époque.	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  soit	  au	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  au	  
labo,	  à	  la	  cafet	  jusqu’au	  P3…	  ta	  bonne	  humeur	  résonnait	  dans	  les	  couloirs	  (à	  partir	  
de	  10h30	  évidemment).	  On	  ne	  voulait	  plus	  te	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  Tellement,	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  bureau…	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  remerciera	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  assez	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   la	   plus	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   et	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  que	   j’ai	  eu	   l’honneur	  de	   rencontrer,	   tant	   tu	  m’as	   impressionnée	   toutes	  
ses	   années.	   A	   côté	   de	   cela,	   j’ai	   rencontré	   une	   personne	   simple	   et	   adorable,	   à	  
l’écoute	  toujours	  attentive,	  prête	  à	  se	  couper	  en	  4,	  une	  voisine	  de	  bureau	  géniale	  
et	  une	  compagne	  de	  voyage	  hors	  pair!	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  la	  jolie	  petite	  blonde	  en	  mini	  short,	  ma	  folle	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de	  Bench,	  on	  a	  parlé,	  chanté,	  dansé,	  pleuré…	  au	  Bench	  comme	  dans	  la	  vie,	  bref,	  je	  
crois	  qu’on	   les	  a	   fait	   les	  400	  coups!	  On	  en	  a	  vécu	  des	  histoires	   folles,	  des	  crises	  
aussi…	   on	   peut	   dire	   que	   notre	   amitié	   est	   à	   toutes	   épreuves	   et	   que	   quoi	   qu’il	  
arrive,	  on	  s’en	  sort	  toujours	  main	  dans	  la	  main.	  Et	  il	  y	  a	  encore	  de	  tellement	  belles	  
choses	  à	  venir!	  On	  on	  ne	   l’aurait	  pas	  parié	   il	   y	  a	  5	  ans,	  pas	  vrai?	  Mais	  on	  aurait	  
signé	  des	  deux	  mains,	  et	  qu’est-­‐ce	  qu’on	  se	  serait	  moins	  angoissées!	  J	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  voit	  pas	  souvent	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   s’oublie	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  C’est	  chaque	  fois	  un	  plaisir	  de	  
pouvoir	  partager	  un	  moment	  ensemble!	  Je	  vous	  rejoins	  désormais	  dans	  le	  monde	  
du	   privé	   et	   j’espère	   que	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   partagerons	   encore	   longtemps	   toutes	   nos	  
expériences	  autours	  d’un	  bon	  verre!	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   la	   Mamma,	   sis,	   Je	   ne	   sait	   pas	   par	   où	   commencer…	   Donc	   je	   vais	  
commencer	   par	   ce	   beau	   jour	   où	   tu	   es	   arrivée	   toute	   timide	   avec	   ta	   maman	   à	  
Bruxelles.	  Puis	  ta	  maman	  est	  repartie…	  et	  ma	  vie	  a	  énormément	  changé	  depuis!	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   fait	   découvrir	   la	   vie	   et	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   m’épanouir,	   on	   a	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   partagé	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vraiment	   presque	   tout	   on	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   le	   dire!	  J),	   et	   on	   continuera	   encore	   très	  
longtemps.	  Même	  dans	  les	  derniers	  moments	  bien	  compliqués	  de	  cette	  thèse,	  tu	  
as	   toujours	   été	   là.	   La	   scientifique	   hors	   pair	   que	   tu	   es	   m’as	   épaulée	   et	   aidée	   à	  
mener	  ce	  projet	  à	  bien	  alors	  que	  je	  n’avais	  plus	  aucune	  ressource.	  Tu	  sais	  tout	  ce	  
que	  tu	  représentes	  pour	  moi,	  ce	  serait	  impossible	  de	  tout	  mettre	  ici!	  
Julien,	   esprit	   scientifique	   dans	   tout	   ce	   que	   tu	   entreprends,	   d’une	   grande	  
sensibilité	  et	  toujours	  de	  bon	  conseil.	  Je	  te	  souhaite	  de	  belles	  choses	  pour	  ta	  vie	  
professionelle	  et	  personnelle	  à	  venir.	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  et	  Bruno,	   la	  brute	  et	  le	  truand,	   les	  Laurel	  et	  Hardy	  du	  labo.	  Impossible	  de	  
se	  concentrer	  dans	  ce	  bureau!	  Cosmo,	  le	  boucher	  des	  Carpates,	  toujours	  branché	  
à	  ses	  sites	  de	  ventes	  en	  ligne.	  Véritable	  souris	  de	  laboratoire	  (bien	  que	  crainte	  par	  
ses	   semblables),	   travaillant	   de	   jour	   comme	   de	   nuit,	   toujours	   avec	   une	   petite	  
blague	  sous	  la	  main.	  Ta	  main	  de	  fer	  n’a	  d’égale	  que	  ton	  courage	  et	  ta	  générosité.	  
Merci	   pour	   ton	   écoute	   et	   ton	   réconfort	   lors	   de	   ces	   heures	   tardives.	   Bruno,	  
prudent	  et	  avisé,	  toujours	  à	  l’affut,	  se	  glissant	  dans	  les	  couloirs,	  prêt	  à	  surprendre.	  
Je	  te	  remercie	  pour	  tous	  ces	  rires	  et	  ces	  bons	  moments	  dans	  notre	  bureau.	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Léonie,	   Léo,	   ce	   fut	   un	   plaisir	   d’être	   ta	   voisine	   de	   bureau.	   Toujours	   souriante,	  
passionnée	   et	   toujours	   prête	   à	   aider.	   A	   côté	   de	   cela,	   tu	   es	   une	   très	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ABSTRACT	  
Alzheimer’s	   disease	   (AD)	   is	   the	  most	   common	   neurodegenerative	   disorder	   that	  
causes	   progressive	   cognitive	   decline,	   leading	   to	   dementia.	   Two	   types	   of	   lesions	  
are	   found	   in	  AD	  brains:	  neurofibrillary	   tangles	  and	  senile	  plaques.	  The	   latter	  are	  
mainly	  composed	  of	  the	  β-­‐amyloid	  peptide	  (Aβ),	  a	  key	  actor	  in	  the	  pathogenesis.	  
Aβ	   is	   generated	   by	   amyloidogenic	   processing	   of	   the	   amyloid	   precursor	   protein	  
(APP),	  a	  ubiquitous	  type	  I	  transmembrane	  (TM)	  protein.	  This	  thesis	  work	  focuses	  
on	  two	  features	  critical	  in	  the	  disease	  process:	  the	  production	  of	  Aβ	  and	  its	  toxic	  
aggregation.	  
Several	   studies	   have	   suggested	   that	   dimerization	   of	   APP	   is	   closely	   linked	   to	   Aβ	  
production.	  Nevertheless,	  the	  mechanisms	  controlling	  APP	  dimerization	  and	  their	  
role	   in	   APP	   function	   are	   not	   known.	   We	   first	   analyzed	   APP	   dimerization	   and	  
unravel	   the	   involvement	   of	   its	   three	   major	   domains:	   the	   ectodomain,	   the	  
transmembrane	   domain	   (TMD)	   and	   the	   intracellular	   domain.	   Our	   results	  
confirmed	   the	   pivotal	   role	   of	   the	   ectodomain	   in	   APP	   dimerization.	   We	   also	  
showed	   that	   familial	   AD	   mutations	   in	   the	   transmembrane	   GXXXG/GXXXG-­‐like	  
motifs	   affect	   the	   structure	   and	   folding	   of	   the	   juxtamembrane/transmembrane	  
(JM/TM)	   domain,	   which	   is	   critical	   for	   APP	   processing	   at	   the	   γ-­‐site.	   Both	   non-­‐
familial	   and	   familial	   AD	  mutations	   strongly	  modulate	   Aβ	   production	   but	   do	   not	  
consistently	   change	   dimerization	   of	   the	   C-­‐terminal	   fragments.	   Finally,	  we	   found	  
for	   the	   first	   time	   that	   removal	   of	   intracellular	   domain	   strongly	   increases	   APP	  
dimerization,	  shifting	  the	  processing	  towards	  the	  non-­‐amyloidogenic	  α	  cleavage.	  
Since	   a	   decade,	   there	   is	   a	   growing	   body	   of	   evidence	   that	   soluble	   Aβ	   oligomers	  
precisely	   correlate	  with	   clinical	   features	   and	   symptoms	  associated	  with	  AD.	   The	  
Aβ	   sequence	   is	   present	   in	   the	   TM	   region	   of	   APP,	   containing	   the	  G25XXXG33	   and	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G38XXXA42	   motifs.	   They	   can	   be	   critical	   for	   both	   TM	   protein	   interactions	   and	  
fibrillogenic	  properties	  of	  peptides	  derived	  from	  TM	  α-­‐helices.	  In	  the	  second	  part	  
of	   this	   work,	   we	   describe	   a	   highly	   stable	   assembly	   of	   Aβ	   oligomeric	   species	  
produced	  in	  living	  cells.	  They	  are	  formed	  in	  cellular	  membrane	  compartments	  by	  
direct	   expression	   of	   Aβ42,	   but	   not	   Aβ40.	   By	   a	   point-­‐mutation	   approach,	   we	  
demonstrate	   that	   glycine-­‐to-­‐leucine	  mutations	   in	   the	   GXXXG	   and	   GXXXA	  motifs	  
dramatically	  affect	  the	  Aβ	  oligomerization	  process.	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ABBREVIATIONS	  
Aβ	  	   Amyloid	  β	  peptide	   	   	   	  	  	  GSI	  	   	  	  	  Gamma-­‐secretase	  inhibitor	  
AcD	  	   Acidic	  domain	   	   	   	  	  	  GSK3β	  	   	  	  	  Glycogen	  synthase	  kinase	  3	  β	  
AchEI	  	   Acetylcholinesterase	  inhibitor	   	  	  	  HSPG	  	   	  	  	  Heparan	  sulfate	  proteoglycans	  
AD	  	   Alzheimer’s	  disease	   	   	  	  	  JM	  	   	  	  	  Juxtamembrane	  
ADAM	  	   “A	  Disintegrin	  and	  metalloprotease”	   	  	  	  KPI	  	   	  	  	  Kunitz-­‐type	  protease	  inhibitor	  
ADDL	  	   Amyloid-­‐β	  derived	  diffusible	  ligands	   	  	  	  (d)KO	  	   	  	  	  Double)	  Knock-­‐out	  
ALID	  	   APP-­‐like	  intracellular	  domain	  	   	  	  	  LRRTM	  	  	  	  	  Leu-­‐rich	  repeat	  transmembrane	  
AICD	  	   APP	  intracellular	  domain	   	   	  	  	  LTP/D	  	   	  	  	  Long-­‐term	  potentiation/depression	  
ASPD	  	   Amylospheroids	   	   	   	  	  	  MAP(T)	  	  	  Microtubule	  associated	  protein	  tau	  
APH1	  	   Anterior	  pharynx	  defective	  1	  	   	  	  	  MCI	  	   	  	  	  Mild	  cognitive	  impairments	  
APLP	   Amyloid	  precursor-­‐like	  protein	   	  	  	  MW	   	  	  	  Molecular	  weight	  
ApoE	  	   Apolipoprotein	  E	   	   	   	  	  	  Mut/m	  	  	  	  	  Mutant	  
APP	  	   Amyloid	  precursor	  protein	   	   	  	  	  NCAM	  	   	  	  	  Neuronal	  cell-­‐adhesion	  molecule	  
APPs	  	   APP	  soluble	   	   	   	  	  	  NCT	  	   	  	  	  Nicastrin	  
BACE	  	   Beta-­‐site	  APP	  Cleaving	  Enzyme	   	  	  	  FT	  	   	  	  	  Neurofibrillary	  tangles	  
CASK	  	   Ca2+/calmodulin-­‐dependent	  serine	   	  	  	  NICD	  	   	  	  	  Notch	  intracellular	  domain	  
	   protein	  kinase	  
CDK5	  	   Cyclin-­‐dependent	  kinase	  5	   	   	  	  	  NSAID	  	   	  	  	  Non-­‐steroidal	  anti-­‐inflammatory	  drug	  
CAM	  	   Cell	  adhesion	  molecule	   	   	  	  	  PEN2	  	   	  	  	  Presenilin	  enhancer	  2	  
CSF	  	   Cerebrospinal	  fluid	  	   	   	  	  	  PHF	  	   	  	  	  Paired	  helical	  filaments	  
CTF	   C-­‐terminal	  fragment	   	   	  	  	  PKA/C	  	   	  	  	  Protein	  kinase	  A/C	  
CuBD	  	   Cupper-­‐binding	  domain	   	   	  	  	  PS	  	   	  	  	  Presenilin	  
DNA	  	   Deoxyribonucleic	  acid	   	   	  	  	  SAD/sAD	  Sporadic	  forms	  of	  Alzheimer’s	  disease	  
EGF(R)	  	   Epidermal	  growth	  factor	  (receptor)	   	  	  	  SDS	  	   	  	  	  sodium	  dodecyl	  sulfate	  
ER	  	   Endoplasmic	  reticulum	   	   	  	  	  SP	  	   	  	  	  Senile	  plaques/Signal	  peptide	  
Fle	  	   Flemish	  mutation	   	   	   	  	  	  t/p-­‐tau	  	  	  	  	  Total/hyperphosphorylated	  tau	  protein	  
FAD/fAD	  Familial	  forms	  of	  Alzheimer’s	  disease	   	  	  	  TGN	  	   	  	  	  Trans-­‐golgi	  network	  
GFLD	  	   Growth	  factor-­‐like	  domain	   	   	  	  	  TM(D)	  	   	  	  	  Transmembrane	  (domain)	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CHAPTER	  I:	  Introduction	  
1. Alzheimer’s	  Disease	  
1.1 The	  pathology	  
Generalities	  
Alzheimer’s	  disease	  (AD)	   is	  a	  severe	  and	   irreversible	  neurodegenerative	  disorder	  
characterized	   by	   memory	   loss	   and	   progressive	   cognitive	   functions	   decline.	   It	   is	  
affecting	  more	  than	  40	  million	  persons	  worldwide	  and	  this	  picture	  is	  supposed	  to	  
increase	  to	  115	  million	  by	  2050	  according	  to	  World	  Alzheimer	  Report.	  Alzheimer’s	  
disease	   is	   so	   the	   most	   prevalent	   form	   of	   dementia	   in	   the	   elderly	   (Alzheimer’s	  
Association	   2015).	   Indeed,	   AD	   represents	   60-­‐80%	   of	   all	   dementia	   and	   appears	  
generally	   in	   persons	   older	   than	   60	   years.	   In	   Belgium,	   around	   190	   000	   persons	  
suffer	   from	   dementia,	   at	   least	   150,000	   of	   them	   from	   AD.	   The	   disease	   is	  
characterized	   by	   loss	   of	   memory,	   reasoning	   and	   functional	   disabilities	   like	  
language	   decline	   followed	   by	   neuropsychiatric	   symptoms	   such	   as	   depression,	  
apathy	   and	   aggressiveness	   (Querfurth	   and	   LaFerla,	   2010).	   Three	   stages	   are	  
defined	   in	   the	   onset	   and	   progression	   of	   the	   disease.	   The	   first	   stage	   is	  
asymptomatic;	   the	   symptoms	   appear	   generally	   10	   years	   after	   the	   onset	   of	   the	  
disease.	  The	  second	  stage	   is	   called	  «	  mild	  cognitive	   impairments	  »	   (MCI).	  During	  
this	   stage,	   changes	   in	   the	   personality	   occur	   as	   well	   as	   deficits	   in	   cognitive	  
functions,	  although	  they	  are	  not	  severe	  enough	  to	  impair	  daily	  life.	  The	  last	  stage,	  
also	   referred	   as	   dementia,	   is	   particularly	   invalidating	   for	   the	   patient.	   The	  
dementia	   results	   in	   severe	   cognitive	   deficits	   affecting	   judgment,	   speech	   and	  
behavior	   and	   leads	   to	   death	  within	   few	   years.	   The	   improvement	   of	   health	   care	  
and	   life	   expectancy	   makes	   AD	   prevalence	   continuously	   increasing.	   As	   a	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consequence,	  AD	  is	  a	  worldwide	  social	  and	  economic	  problem	  and	  lot	  of	  research	  
efforts	   have	   been	   undertaken	   to	   lead	   to	   a	   better	   understanding	   of	   the	   disease	  
pathway	  and	  to	  identify	  therapeutic	  targets.	  To	  date,	  medication	  slows	  down	  the	  
symptoms	  and	  helps	  maintaining	  memory,	  but	  treatments	  are	  only	  symptomatic	  
and	  there	  is	  an	  urgent	  need	  for	  specific	  and	  efficient	  therapeutics.	  
	  
Etiology	  of	  the	  disease	  
More	   than	   95%	   of	   AD	   cases	   are	   sporadic	   forms.	   Patients	   with	   sporadic	   AD	   are	  
developing	  the	  disease	  without	  any	  clearly	  defined	  reason	  apart	  from	  aging.	  Only	  
a	   few	  environmental	   factors	   like	  sedentary	   lifestyle,	  high	  fat	  diet	  or	  antecedents	  
of	   cerebrovascular	   disease,	   type	   II	   diabetes	   and	   hypertension	   have	   been	  
described	   to	   favor	   the	   disease	   occurrence	   (Mayeux	   and	   Stern,	   2012).	   There	   are	  
also	  genetic	  risks	  factors	  like	  homozygosity	  for	  the	  ε-­‐4	  allele	  of	  the	  apolipoprotein	  
E	   (APOE)	  gene.	   It	  has	  been	  described	  as	   the	  major	   risk	   factor	   for	   late-­‐onset	  AD.	  
Familial	  forms	  of	  AD	  (FAD)	  account	  for	  2-­‐3	  %	  of	  all	  cases	  and	  are	  responsible	  for	  
early-­‐onset	  and	  very	  aggressive	  forms	  of	  the	  disease.	  They	  come	  from	  autosomal	  
dominant	  mutations	  on	  three	  known	  genes:	  the	  amyloid	  precursor	  protein	  (APP),	  
Presenilin-­‐1	   (PS1)	   and	   Presenilin-­‐2	   (PS2)	   genes.	   These	   genes	   encode	   proteins	   of	  
utmost	  importance	  for	  their	  role	  in	  the	  production	  of	  the	  β-­‐amyloid	  peptide	  (Aβ).	  
Aβ	  is	  the	  major	  component	  of	  senile	  plaques,	  a	  typical	  hallmark	  of	  the	  disease.	  
	  
Seminal	  observations	  by	  Alois	  Alzheimer	  
The	  disease	  was	  originally	  described	  by	  a	  German	  neuropsychiatrist	  named	  Alois	  
Alzheimer	   in	   1906.	   He	   reported	   the	   case	   of	   August	   D.,	   a	   51	   years	   old	   patient	  
showing	   different	   symptoms	   of	   dementia.	   Following	   post-­‐mortem	   examinations	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of	  her	  brain,	  Alzheimer	  noticed	  and	  described	  two	  abnormal	  lesions	  present	  in	  the	  
brain	  (Alzheimer	  et	  al.,	  1995).	  These	  lesions	  were	  further	  recognized	  as	  the	  major	  
hallmarks	   of	   the	   disease,	   called	   senile	   plaques	   and	   neurofibrillary	   tangles.	   In	  
November	   1906,	   Alois	   Alzheimer	   presented	   his	   results	   on	   clinical	   and	  
neuropathological	  characterization	  of	  the	  newly	  discovered	  disease	  at	  the	  Society	  
of	  Southwest	  German	  Psychiatrists	  meeting	  in	  Tübingen.	  After	  that,	  the	  hallmarks	  
were	  only	  deeper	  described	  in	  the	  80s.	  In	  AD,	  the	  progressive	  diffusion	  of	  certain	  
lesions	  in	  the	  brain	  of	  patients	  associates	  with	  the	  different	  pathological	  states	  of	  
the	   disease	   (Braak	   and	   Braak,	   1996).	   They	   start	   in	   the	   limbic	   system	   and	   are	  
further	   accompanied	   at	   late	   stages	   by	   a	   general	   atrophy	   of	   the	   brain,	   starting	  
from	  temporal	  and	  parietal	   lobes	  to	  frontal	   lobe.	  These	  regions	  are	  involved	  in	  a	  
wide	   range	  of	   executive	   functions	   including	  memory,	  planning	   skills,	   orientation	  
as	  well	  as	  social	  behavior.	  Affection	  of	  these	  regions	   is	   therefore	  responsible	   for	  
the	  clinical	  symptoms	  observed	  throughout	  the	  disease.	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1.2 Neuropathological	  hallmarks	  of	  Alzheimer’s	  disease	  
Neurofibrillary	  tangles	  and	  tau	  protein	  
Neurofibrillary	   tangles	   (NFTs)	   are	   intraneuronal	   inclusions	   receiving	   their	   name	  
from	  the	   filamentous	  aspect	   they	  give	   to	  neurons.	  At	   the	  very	  early	   stage,	  NFTs	  
appear	   in	   the	   entorhinal	   cortex	   and	   spread	   to	   the	   limbic	   system.	   They	   affect	  
regions	   including	   the	   hippocampus,	   highly	   associated	   to	   memory	   functions.	   At	  
late	   stages,	   they	   affect	   the	   cortex	   and	   provoke	   a	   correlated	   impairment	   of	   the	  
associative,	  sensory	  and	  motor	  functions.	  Eventually,	  NFTs	  reach	  the	  striatum	  and	  
the	  substantia	  nigra	  (Braak	  and	  Braak,	  1996;Thal	  et	  al.,	  2002).	  
From	   a	   structural	   point	   of	   view,	   NFTs	   are	   composed	   of	   aggregates	   made	   by	  
hyperphosphorylated	   tau	   proteins	   (p-­‐tau)	   (Mandelkow	   and	   Mandelkow,	   1998).	  
Tau	  protein	   is	   encoded	  by	   the	  MAPT	   gene	   located	  on	   chromosome	  17.	   In	   adult	  
brains,	   there	   are	   up	   to	   six	   alternative	   tau	   isoforms,	   derived	   from	   alternative	  
splicing	   of	   two	   different	   domains	   in	   the	   protein	   (Fig.01)	   (Sergeant	   et	   al.,	   2005).	  
Tau	  is	  an	  abundant	  microtubule	  associated	  protein	  (MAP)	  that	  acts	  together	  with	  
α-­‐	  and	  β-­‐tubulin	  heterodimers	   to	  ensure	   their	   assembly	  and	   stability,	   regulating	  
motor-­‐driven	   axonal	   transport	   in	   neurons	   (Drechsel	   et	   al.,	   1992;Gustke	   et	   al.,	  
1994).	  	  
Tau	   protein	   contains	   different	   domains	   involved	   in	   its	   function:	   some	   amino-­‐
terminal	   domains,	   followed	   by	   a	   proline-­‐rich	   domain,	   several	   carboxy-­‐terminal	  
microtubule-­‐binding	  repeats	  and	  a	  short	  tail	  sequence.	  Isoforms	  can	  count	  up	  to	  2	  
N-­‐ter	   domains	   (N)	   and	   3	   to	   4	  microtubule-­‐binding	   repeats	   (R)	   (Brandt	   and	   Lee,	  
1993;Sergeant	   et	   al.,	   2005).	   Tau	   proteins	   possess	   more	   than	   80	   putative	  
serine/threonine	  and	  five	  tyrosine	  phosphorylation	  sites	  located	  mainly	  near	  the	  R	  
regions	  that	  are	  involved	  in	  microtubule	  binding.	  Phosphorylation	  modulates	  tau	  
affinity	  for	  tubulin	  and	  regulates	  formation	  and	  stability	  of	  microtubules	  according	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to	  cellular	  needs	  (Lindwall	  and	  Cole,	  1984).	  Tau	  hyperphosphorylation	  during	  the	  
disease	   process	   provokes	   its	   dissociation	   from	   the	   microtubules,	   leading	   to	   its	  
own	  aggregation	  in	  the	  cytoplasm	  and	  perturbation	  of	  cellular	  trafficking	  (Alonso	  
et	  al.,	  1996;Iqbal	  and	  Grundke-­‐Iqbal,	  2005).	  Some	  sites	  were	  described	  as	  typically	  
phosphorylated	  in	  AD.	  Phosphorylation	  on	  Ser262	  and	  Ser356	  in	  the	  microtubule-­‐
binding	  domain	  induces	  tau	  detachment	  from	  the	  microtubules	  (Buee	  et	  al.,	  2000)	  
and	  phosphorylation	  of	   Ser214	  and	  Thr231	   sites	   (distinct	   from	   the	  microtubule-­‐
binding	   domain)	   have	   been	   shown	   to	   reduce	   its	   binding	   ability.	   P301S	   tau	  
mutation	   is	   responsible	   for	   inherited	   fronto-­‐temporal	   dementia	   with	  
phosphorylated	  filamentous	  tau	  inclusions	  (Allen	  et	  al.,	  2002).	  In	  the	  disease,	  tau	  
hyperphosphorylation	  appears	  to	  result	  from	  an	  imbalance	  between	  the	  neuronal	  
kinase	  and	  phosphatase	  activities.	  	  	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Fig.01	  Different	  Tau	  isoforms	  derived	  by	  alternative	  splicing	  of	  N	  and	  R	  domains.	  	  
The	  different	  Tau	  isoforms	  vary	  by	  the	  number	  of	  N-­‐terminal	  domains	  (N)	  and	  microtubule-­‐binding	  
repeats	  (R).	  N	  domains	  are	  depicted	  in	  yellow	  and	  R	  repeats	  in	  red	  (From	  Ballatore	  et	  al.,	  2007).	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Several	   kinases	   like	   the	   protein	   kinase	   A	   (PKA),	   glycogen	   synthase	   kinase	   3	   β	  
(GSK3β)	   and	   cyclin-­‐dependent	   kinase	   5	   (Cdk5)	   have	   been	   demonstrated	   to	  
phosphorylate	   tau	   at	   most	   of	   the	   described	   pathological	   sites	   (Wang	   et	   al.,	  
1998;Liu	  et	  al.,	  2004).	  In	  contrast,	  serine/threonine	  phosphatase	  PP2A	  is	  the	  most	  
effective	  to	  revert	  phosphorylation	  and	  aggregation	  of	  tau.	  
In	  AD,	  cognitive	  impairments	  correlate	  with	  the	  distribution	  of	  NFTs	  and	  neuronal	  
loss	   (Arriagada	   et	   al.,	   1992).	   They	   appear	   in	   the	   entorhinal	   cortex	   and	   later	   in	  
anatomically	  connected	  cortex	  regions	  (Braak	  and	  Braak,	  1995).	  Recently,	  cell-­‐to-­‐
cell	   transmission	   has	   emerged	   as	   a	   major	   hypothesis	   for	   Tau-­‐dependent	  
pathological	   events	   (Mohamed	   et	   al.,	   2013).	   It	   has	   been	   shown	   that	   p-­‐Tau	   can	  
also	   be	   found	   in	   extracellular	   compartments	   independently	   from	   any	   cell	   death	  
(Chai	   et	   al.,	   2012)	   and	   their	   levels	   are	   regulated	   by	   neuronal	   activity	   in	   vivo	  
(Yamada	  et	  al.,	  2014).	  Tau	  aggregation	  can	  therefore	  bind	  cellular	  membranes	  and	  
be	  internalized	  by	  neighboring	  neurons.	  This	  way	  p-­‐tau	  induce	  fibrillization	  of	  the	  
endogenous	   tau	   proteins	   by	   a	   process	   called	   “seeding”	   (Guo	   and	   Lee,	   2011).	  
Seeding	  is	  the	  mechanism	  by	  which	  misfolded	  tau	  is	  able	  to	  act	  as	  a	  template	  and	  
drive	   the	   conformational	   changes	   and	   aggregation	   of	   native	   tau	   proteins	   in	   a	  
prion-­‐like	   fashion.	   Brain	   extracts	   from	   mice	   expressing	   the	   human	   P301S	   tau	  
induce	   the	   association	   of	   the	   WT	   protein	   upon	   injection	   into	   human	   WT	   tau	  
transgenic	  mice	  (Clavaguera	  et	  al.,	  2009).	  Following	  that,	  injection	  of	  AD	  patients’	  
brain	   extracts	   show	   seeding	   in	   human	   tau	   expressing	   mice	   as	   well	   as	   in	   non-­‐
transgenic	  mice	   (Clavaguera	   et	   al.,	   2013).	  However,	   these	   aggregates	   of	  murine	  
tau	  formed	  by	  the	  human	  pathological	  protein	  occur	  to	  a	  smaller	  extent.	  Amounts	  
of	  misfolded	  proteins	   are	  proportional	   to	   sequence	   similarity	   between	   the	   seed	  
and	  the	  recruited	  soluble	  protein.	  Seeding	  of	   tau	   is	  detected	  prior	   to	  pathology,	  
suggesting	  an	  important	  role	  in	  AD	  neurodegeneration	  (Holmes	  et	  al.,	  2014).	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Once	  a	  small	  number	  of	  tau	  inclusions	  are	  formed	  they	  have	  been	  shown	  to	  self-­‐
propagate	   independently	   of	   other	   pathogenic	   mechanisms,	   a	   process	   called	  
“spreading”.	   Tau	   pathogenic	   conformations	   diffuse	   in	   the	   brain	   along	   neuronal	  
connexions	  by	  trans-­‐cellular	  propagation	  (Kfoury	  et	  al.,	  2012;Stancu	  et	  al.,	  2015).	  
Studies	   involving	   seeding	   of	   pathological	   tau	   aggregates	   into	   WT	   mice	   display	  
spreading	   of	   the	   pathology	   from	   the	   site	   of	   injection	   to	   neighboring	   regions	  
(including	  hypothalamus)	  (Clavaguera	  et	  al.,	  2009;Clavaguera	  et	  al.,	  2013).	  Distinct	  
tau	   strains	   can	   propagate	   indefinitely	   in	   a	   clonal	   fashion	   through	   the	   brain,	  
defining	   different	   tauopathies	   (Sanders	   et	   al.,	   2014).	   Finally,	   it	   has	   been	   shown	  
that	  these	  pathological	  mechanisms	  of	  tau	  seeding	  and	  spreading	  are	  potentiated	  
by	  extracellular	  Aβ	  aggregation	   in	   transgenic	  mice	   (Gotz	  et	   al.,	   2001;Bolmont	  et	  
al.,	  2007).	  Indeed,	  accumulating	  evidence	   in	  vitro,	   in	  vivo	  and	  in	  patients	  provide	  
solid	  support	  for	  an	  Aβ-­‐induced	  tau	  pathology	  (Stancu	  et	  al.,	  2014b).	  Crossing	  of	  
APP/PS1	   mice	   with	   5	   early-­‐onset	   familial	   AD	   mutations	   (5xFAD)	   and	   TauP301S	  
(PS19)	   transgenic	   mice	   clearly	   supports	   this	   idea	   (Stancu	   et	   al.,	   2014a).	   In	   this	  
modern	   murine	   model,	   pathological	   Aβ	   species	   induce	   changes	   in	   tau	   that	  
contribute	  to	  cognitive	  deficits	  correlating	  with	  synaptic	  deficits	  and	  hippocampal	  
atrophy.	   In	   patients,	   earliest	   changes	   appear	   in	   cerebrospinal	   fluid	   (CSF)	   Aβ42,	  
closely	  followed	  by	  PET	  imaging.	  Alterations	  in	  CSF	  t-­‐tau	  and	  p-­‐tau	  appear	  later	  in	  
the	  disease	  process,	  preceding	  cognitive	  decline	  and	  brain	  atrophy	  (Jack,	  Jr.	  et	  al.,	  
2013;Jack,	  Jr.	  et	  al.,	  2010).	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Senile	  plaques	  
Senile	   plaques	   (SPs)	   were	   described	   as	   spherical	   extracellular	   deposits	   with	  
diameters	  up	  to	  200	  μm.	  SP	  could	  be	  classified	  in	  3	  general	  types	  following	  their	  
morphology:	   diffuse,	   neuritic	   and	   burn-­‐out	   types.	   These	   3	   types	   of	   plaques	  
represent	   different	   maturation	   stages	   of	   the	   aggregates.	   Diffuse	   plaques	   are	  
amorphous	   non-­‐fibrillar	   aggregates,	   they	   can	   also	   be	   found	   in	   aged	   persons	  
without	   any	   cognitive	   problem.	   Diffuse	   plaques	   can	   further	   mature	   in	   neuritic	  
plaques	   that	   are	   the	   typical	   lesions	   found	   in	   AD	   brains.	   Neuritic	   plaques	   are	  
associated	  with	   dystrophic	   neurites,	   synaptic	   loss	   and	   neuroinflammation	   (Mott	  
and	   Hulette,	   2005;Pike	   et	   al.,	   1995).	   Burn-­‐out	   plaques	   contain	   a	   condensed	  
amyloid	   core	   without	   any	   neuritic	   process.	   These	   later	   forms	   are	   supposed	   to	  
appear	  at	  very	  late	  stages	  of	  Alzheimer’s	  disease.	  
The	  core	  of	  senile	  plaques	  is	  principally	  composed	  by	  fibrillar	  aggregates	  of	  the	  β-­‐
amyloid	  peptide	  (Aβ)	  cited	  above.	  Aβ	   is	  produced	  by	  the	  successive	  cleavages	  of	  
the	  amyloid	  precursor	  protein	   (APP)	  by	  the	  β-­‐	  and	  γ-­‐secretases,	  a	  process	  called	  
amyloidogenic	   processing.	   Gamma-­‐secretase	   cleavage	   releases	   Aβ	   peptides	  
ranging	  from	  36	  to	  43	  amino	  acids.	  Aβ40	  is	  the	  most	  abundant	  isoform	  and	  Aβ42	  
is	  predominant	  in	  senile	  plaques	  (Glenner	  et	  al.,	  1984).	  They	  associate	  with	  many	  
other	   molecules	   and	   proteins	   such	   as	   ApoE,	   aluminium,	   acute-­‐phase	   proteins.	  
Later,	   they	  activate	  microglia	  and	  reactive	  astrocytes.	  These	  associations	   lead	  to	  
local	   inflammatory	   reactions	   involving	   the	   release	   of	   cytokines,	   reactive	   oxygen	  
species,	  nitrogen	  intermediates	  and	  neuronal	  loss.	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1.3 The	  Amyloid	  Cascade	  Hypothesis	  
The	   amyloid	   cascade	   hypothesis	   has	   been	   over	   the	   two	   last	   decades	   both	   a	  
unifying	  model	   for	   the	  understanding	  of	   the	  core	  pathological	  molecular	  events,	  
and	  recently,	  a	  matter	  of	  intense	  debate.	  This	  hypothesis	  was	  initially	  formulated	  
by	  J.	  Hardy	  and	  G.	  Higgins	  in	  1992.	  	  
“…	   deposition	   of	   amyloid	  β	   protein,	   the	  main	   component	   of	   the	   plaques,	   is	   the	  
causative	  agent	  in	  Alzheimer’s	  pathology	  and	  that	  the	  neurofibrillary	  tangles,	  cell	  
loss,	  vascular	  damage,	  and	  dementia	  follow	  as	  a	  direct	  result	  of	  this	  deposition.”	  
(Hardy	  and	  Higgins,	  1992)	  
Four	   key	   events	   are	   predicted	   by	   this	   hypothesis	   to	   be	   interconnected	   in	   a	  
hierarchical	   and	   chronological	  way	   to	   trigger	   Alzheimer’s	   disease.	   AD	   is	   directly	  
linked	  to	  β-­‐amyloid	  production	  and	  clearance	  (event	   I),	   leading	  to	  release	  of	  the	  
toxic	   Aβ	   species	   (event	   II).	   Then,	   Aβ	   accumulation	   initiates	   the	   formation	   of	  
neurofibrillary	  tangles	  (event	  III)	  and	  mediate	  neuronal	  death	  (event	  IV).	  
The	  first	  argument	  advanced	  by	  the	  author	  came	  from	  trisomy	  21	  known	  as	  Down	  
syndrome.	   This	   disease	   results	   from	   an	   additional	   copy	   of	   the	   chromosome	   21	  
harboring	   the	   amyloid	   precursor	   protein	   gene	   (APP).	   Knowing	   that	   Trisomy	   21	  
leads	   to	   the	   neuropathology	   of	   AD	   (Olson	   and	   Shaw,	   1969),	   and	   that	   APP	  
processing	   releases	   Aβ	   (see	   below),	   Aβ	   deposition	   related	   to	   APP	   gene	   dosage	  
was	  suggested	  to	  be	  responsible	  for	  the	  AD-­‐like	  neurological	  troubles	  observed	  in	  
patients	  with	  Down	  syndrome.	  In	  addition,	  identification	  of	  genetic	  APP	  mutations	  
increasing	  amyloidosis	  (Levy	  et	  al.,	  1990;Van	  et	  al.,	  1990)	  associated	  to	  other	  AD	  
symptoms	   (Goate	   et	   al.,	   1991;Hardy,	   1992;Hendrickx	   et	   al.,	   2013)	   allowed	   to	  
define	   the	   biochemical	   consequences	   of	   APP	  mutations.	  Most	   of	   the	  mutations	  
are	   localized	   near	   the	   β-­‐	   and	   γ-­‐secretases	   cleavage	   sites	   and	   were	   obviously	  
suggested	   to	   favor	   APP	   processing	   and	   Aβ	   production	   (Citron	   et	   al.,	   1992)	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(detailed	  in	  2.4	  FAD	  mutations).	  Furthermore,	  APP	  mutations	  within	  Aβ	  sequence	  
have	  been	  described	  to	  promote	  the	  formation	  of	  fibrils	  (Wisniewski	  et	  al.,	  1991).	  
The	  original	  hypothesis	  addressed	  several	  points	  important	  to	  understand	  the	  link	  
between	   the	   amyloid	   pathology	   and	   the	   formation	   of	   NFTs.	   At	   that	   time,	   ideas	  
about	  the	  mechanisms	  involved	  in	  Aβ	  mediated	  neurofibrillary	  tangles	  formation	  
were	  merely	  hypothetical.	  However,	  it	  was	  known	  that	  intracellular	  calcium	  could	  
regulate	  tau	  phosphorylation	  (Baudier	  et	  al.,	  1987)	  and	  Aβ	  was	  shown	  to	  perturb	  
calcium	   homeostasis.	   It	   was	   therefore	   suggested	   that	   Aβ	   could	   trigger	   tau	  
hyperphosphorylation	  and	  PHFs	  formation	  by	  increasing	  the	  intracellular	  calcium	  
concentration	  (Lee	  et	  al.,	  1991).	  All	  the	  APP	  mutations	  described	  are	  responsible	  
for	  only	  a	   very	   small	  proportion	  of	   all	  AD	  cases	   (van	  Duijn	  et	   al.,	   1991).	   Indeed,	  
most	   of	   the	   cases	   occur	   in	   a	   sporadic	  manner,	   suggesting	   there	  must	   be	   other	  
causes	   triggering	   Aβ	   deposition.	   Amyloid	   depositions	   and	   neurofibrillary	   tangles	  
have	  been	  shown	  to	  also	  appear	  after	  brain	  injuries	  caused	  by	  trauma	  (Mortimer	  
et	  al.,	  1991)	  and	  neuronal	  stresses	  (Abe	  et	  al.,	  1991).	  Although	  acute	  effects	  may	  
only	  lead	  to	  transient	  disruption	  of	  APP	  metabolism,	  in	  some	  cases	  it	  could	  end	  up	  
in	  initiation	  of	  AD.	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Update	  of	  the	  Amyloid	  Hypothesis	  by	  J.A.	  Hardy	  and	  D.J.	  Selkoe	  in	  2002	  
10	  years	  later,	  with	  the	  discovery	  of	  Presenilins,	  the	  γ-­‐secretase	  catalytic	  subunits	  
and	  their	  FAD	  mutations	  acting	  on	  Aβ	  production	  (Scheuner	  et	  al.,	  1996),	  together	  
with	  the	  set-­‐up	  of	  therapeutic	  strategies	  based	  on	  this	  theory,	  the	  initial	  amyloid	  
cascade	  hypothesis	  was	  critically	  reexamined	  (Hardy	  and	  Selkoe,	  2002).	  
There	  were	  4	  new	  conceptually	   important	  observations	   strongly	   suggesting	   that	  
cerebral	   accumulation	   of	   Aβ	   is	   an	   initial	   event	   in	   AD,	   triggering	   the	   disease	  
progress.	  
1. Mutations	   in	   the	   gene	   encoding	   tau	   protein	   caused	   frontotemporal	  
dementia	   with	   Parkinsonism.	   This	   disease	   is	   characterized	   by	   severe	  
neurofibrillary	   tangles	   but	   NO	   Aβ	   depositions,	   suggesting	   that	   the	   most	  
severe	  tau	  alterations	  were	  not	  sufficient	  to	  induce	  amyloid	  plaques	  (Hutton	  
et	  al.,	  1998).	  
2. Transgenic	  mice	   overexpressing	  mutated	   tau	   together	  with	   APP	  with	   FAD	  
mutations	   undergo	   increased	   tangles	   formation.	   Aβ	   toxicity	   is	   tau	  
dependent	   but	   these	   mice	   only	   displayed	   increased	   tangles	   formation	  
whereas	   structure	   and	   number	   of	   plaques	   were	   unchanged	   (Lewis	   et	   al.,	  
2001).	  
3. The	  link	  between	  ApoE	  and	  Aβ	  was	  characterized,	  providing	  strong	  evidence	  
that	  the	  most	  severe	  genetic	  risk	  factor	  for	  AD	  is	  involved	  in	  Aβ	  metabolism	  
(Strittmatter	  et	  al.,	  1993).	  
4. There	  was	   growing	   evidence	   that	   genetic	   variability	   in	   Aβ	   catabolism	  and	  
clearance	   may	   contribute	   to	   the	   risk	   of	   late-­‐onset	   AD	   (Myers	   et	   al.,	  
2000;Bertram	  et	  al.,	  2000).	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A	   detailed	   pathway	   of	   events	   leading	   to	   Alzheimer’s	   disease	   was	   proposed	  
(Fig.02).	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Fig.02	  
Schematic	   representation	  
of	   the	   amyloid	   cascade	  
hypothesis	   events	   leading	  
to	   Alzheimer’s	   disease	  
(Hardy	  and	  Selkoe,	  2002).	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Despite	   all	   the	   important	   experimental	   data	   supporting	   the	   amyloid	   cascade	  
hypothesis,	  some	  observations	  did	  not	  fit	  well	  with	  the	  proposed	  model.	  First,	  the	  
extent	   of	   amyloid	   plaques	   does	   not	   correlate	  well	   with	   the	   degree	   of	   cognitive	  
impairment	   during	   the	   progression	   of	   the	   disease.	   It	   has	   been	   however	   shown	  
that	   soluble	   Aβ	   oligomeric	   species	   rather	   than	   plaques	   by	   themselves	   have	   a	  
better	  correlation	  with	  disease	  progression	  (Wang	  et	  al.,	  1999;Lesne	  et	  al.,	  2006).	  
Moreover,	   the	  degree	   to	  which	  FAD	  mutations	  affect	  Aβ	  production	   in	   vitro	   did	  
not	  fit	  well	  with	  the	  initial	   idea	  of	  an	  increase	  in	  the	  amyloid	  load.	  This	  has	  been	  
often	   debated,	   since	   effects	   of	   FAD	   mutations	   have	   been	   mostly	   addressed	   in	  
cellular	  models	  that	  may	  not	  reflect	  properly	  the	  human	  brain	  complexity.	  
Another	   concern	   was	   that	   transgenic	   mice	   built	   on	   the	   amyloid	   cascade	  
hypothesis	   (e.g.	  expressing	  FAD	  mutations	  of	  human	  APP)	  do	  not	  show	  clear-­‐cut	  
neuronal	   loss,	  raising	   in	  parallel	  the	  concern	  of	  rodent	  models	  to	  recapitulate	  all	  
the	  array	  of	  pathological	   features	  observed	   in	  AD.	  The	   final	  criticisms	  have	  risen	  
from	   studies	   showing	   that	   neurofibrillary	   degeneration	   increases	   with	   age	   in	  
human.	   They	   are	   therefore	   present	   before	   amyloid	   plaques	   appearance	   (Braak	  
and	  Braak,	  1991),	  challenging	  the	  hypothesis	  that	  Aβ	  deposition	  plays	  the	  role	  of	  
trigger	  in	  the	  disease	  onset.	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Contradictions	  to	  the	  amyloid	  cascade	  hypothesis	  
As	  this	  hypothesis	  was	  stated	  and	  re-­‐examined,	  at	  least	  2	  important	  points	  had	  to	  
be	  addressed	  in	  order	  to	  validate	  it.	  
The	   first	  one	  was	   testing	  whether	   removing	  of	   the	  amyloid	   aggregates	   from	  AD	  
brains	  could	  revert	  the	  pathology.	  Experimental	  approaches	  have	  been	  designed	  
to	   address	   this	   point,	   either	   by	   targeting	   Aβ	   production	   (detailed	   in	   2.2	  
Metabolism	   and	   trafficking)	   or	   by	   clearing	   the	   amyloid	   load	   in	   a	   pathological	  
context.	   In	   mice,	   a	   variety	   of	   treatments	   has	   been	   set	   up	   in	   order	   to	   remove	  
macroscopic	   senile	   plaques	   after	   their	   formation.	   These	   techniques	   include	  
passive	   and	   active	   immunization	   against	   Aβ	   peptide,	   treatments	   to	   induce	   Aβ	  
clearance	  and	  reduce	  inflammation.	  In	  all	  these	  cases,	  plaques	  were	  removed	  and	  
mice	  recovered	  until	  100%	  on	  behavioral	  tests	  (Cramer	  et	  al.,	  2012;Schenk	  et	  al.,	  
1999),	   supporting	   the	   amyloid	   cascade	   hypothesis.	   Following	   these	   promising	  
results	   in	  mice,	  clinical	   trials	  have	  been	  done	   in	  humans	  with	  early	   sporadic	  AD.	  
Several	  of	  the	  participants	  developed	  antibodies	  against	  Aβ,	  their	  plaque	  burdens	  
were	  substantially	  reduced	  but	  their	  dementia	  had	  not	  improved	  and	  most	  likely	  
continued	   to	  worsen	   (Serrano-­‐Pozo	  et	   al.,	   2010;Holmes	  et	   al.,	   2008).	   Two	  other	  
recent	  reports	  using	  antibodies	  also	  failed	  even	  after	  80	  weeks	  therapy	  (Doody	  et	  
al.,	  2014b;Salloway	  et	  al.,	  2014)	  (detailed	  in	  2.2	  Metabolism	  and	  trafficking).	  So	  in	  
contrast	  to	  humans,	  whenever	  AD	  mice	  have	  problems	  in	  their	  neuronal	  network,	  
these	   problems	   are	   reversible.	   None	   of	   the	   models	   involves	   irreversible	  
neurodegeneration	  and	  this	  raises	  questions	  of	  interpretation.	  These	  models	  may	  
reproduce	   some	   features	   of	   the	   disease	   but	   they	   lack	   some	   other	   biochemical	  
deficits	  and	  fail	  to	  recapitulate	  the	  full	  set	  of	  AD	  events.	  
The	   second	   test	   challenging	   the	   hypothesis	   suggested	   introducing	   amyloid	   in	  
healthy	   brains	   to	   see	   whether	   it	   will	   initiate	   the	   AD	   pathological	   cascade.	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However,	   it	   has	   been	   shown	   that	   individuals	   can	   present	   very	   few	   or	   no	  
symptoms	   of	   dementia	   and	   carry	   substantial	   amyloid	   burden	   in	   their	   brain	  
(Villemagne	  et	  al.,	  2013).	  This	   is	   the	  case	  for	  a	  quarter	  to	  a	  third	  of	  all	   the	  older	  
population	   that	   do	   not	   show	   impaired	   cognitive	   functions.	   This	   observation	  
indicates	  that	  it	  is	  clearly	  possible	  to	  have	  amyloid	  deposits	  without	  any	  dementia.	  
The	  simple	  existence	  of	  people	  displaying	  extended	  amyloid	  plaques	  in	  their	  brain	  
for	  years	  without	  any	  dementia	  is	  another	  major	  challenge	  to	  the	  amyloid	  cascade	  
hypothesis.	  We	  can	  assume	  that	  these	  persons	  are	  also	  oligomers-­‐positive	  for	  an	  
even	  longer	  period.	  So	  amyloid	  is	  not	  sufficient	  to	  cause	  dementia	  in	  humans,	  and	  
it’s	   even	   worse	   in	   animal	   models.	   Although	  mouse	  models	   overexpressing	   FAD	  
APP	   mutants	   produce	   substantial	   amyloid	   deposits	   in	   their	   brain	   as	   early	   as	   4	  
months,	   they	   have	   only	   modest	   cognitive	   problems.	   They	   never	   display	   any	  
neurofibrillary	  tangles	  and	  show	  only	  poor	  or	  no	  neurodegeneration	  (LaFerla	  and	  
Green,	  2012;Gotz	  and	  Ittner,	  2008).	  Moreover,	  in	  transgenic	  mice	  only	  expressing	  
Aβ	  alone	  and	  no	  full-­‐length	  APP,	  plaques	  appear	  but	  no	  cognitive	  impairments	  at	  
all	  (Kim	  et	  al.,	  2013).	  It	  is	  true	  that	  only	  APP,	  PS	  but	  never	  MAPT	  mutation	  lead	  to	  
FAD.	   But	   these	   data	   obtained	   from	   humans	   and	   mice	   models	   show	   that	   you	  
cannot	  produce	  an	  AD-­‐like	  dementia	  only	  by	  exposing	   the	  brain	   to	  Aβ	  deposits.	  
Although	  Aβ	  is	  neurotoxic,	  it	  is	  not	  sufficient	  to	  recapitulate	  the	  complexity	  of	  the	  
disease	  by	  itself.	  
Other	  elements	  of	  the	  pathological	  context	  need	  to	  be	  understood	  to	  have	  a	  clear	  
view	   of	   the	   involvement	   of	   Aβ	   in	   the	   disease.	   Above	   all,	   age	   remains	   the	  most	  
accepted	  and	  powerful	  risk	  factor	  in	  AD.	  Aging	  has	  to	  launch	  the	  missing	  elements	  
triggering	   the	   pathology	   (Herrup,	   2010).	   Progressive	   oxidative,	   metabolic	   or	  
mitochondrial	  problems,	  DNA	  damages	  or	  senescence	  features	  accumulating	  with	  
the	  age	  can	  be	  the	  starting	  point	  of	  the	  disease	  (Bucholtz	  and	  Demuth,	  2013;Yao	  
et	   al.,	   2009;Hunter	   et	   al.,	   2013).	   There	   is	   evidence	   that	   aging	   can	   also	   trigger	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failures	   in	   autophagy	   (Nixon	   and	   Cataldo,	   2006)	   and/or	   lysosomal	   function	  
(Bezprozvanny	   and	  Mattson,	   2008).	   It	   can	   possibly	   come	   from	  a	   loss	   of	   calcium	  
homeostasis	  due	  to	  excitotoxicity	  occurring	  with	  aging	  (Yu	  et	  al.,	  2009;Green	  and	  
LaFerla,	   2008;Supnet	   and	   Bezprozvanny,	   2010).	   AD	   first	   event	   can	   also	   involve	  
neuroinflammation	  (Mosher	  and	  Wyss-­‐Coray,	  2014).	  Several	  groups	  even	  suggest	  
that	  AD	  is	  due	  to	  a	  cell-­‐cycle	  control	  failure	  happening	   in	  neurons	  (Arendt	  et	  al.,	  
2010).	  Maybe	  the	  right	  combination	  of	  risk	  factors,	  accelerated	  by	  Aβ,	  is	  required	  
to	  establish	  the	  disease.	  
To	   summarize,	   some	   findings	   questioned	   the	   amyloid	   cascade	   hypothesis	   by	  
showing	  that	  Aβ	  cannot	  trigger	  the	  disease	  only	  by	  itself.	   It	  has	  to	  be	  a	  common	  
final	   pathway	   involving	   Aβ	   and	   tau	   leading	   to	   AD,	   but	   obviously	  many	  ways	   to	  
trigger	  those	  mechanisms.	  It	  has	  to	  be	  an	  event,	  distinct	  from	  normal	  aging,	  which	  
establishes	  permanent	  cellular	  changes	  and	  alter	  cellular	  physiology.	  Amyloid	  is	  a	  
great	  contributor	  to	  the	  disease	  process	  but	  evidence	  suggested	  that	  it	  is	  neither	  
necessary	  nor	  sufficient	  (Fig.03)	  (Herrup,	  2015).	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Fig.03	  Strengths	  and	  weaknesses	  of	  the	  amyloid	  cascade	  hypothesis.	  	  
Table	  resuming	  the	  strengths	  and	  weaknesses	  of	   the	  amyloid	  cascade	  hypothesis.	   fAD,	   familial	  AD	  
forms;	  sAD,	  sporadic	  AD	  forms	  (From	  Herrup,	  2015).	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2. The	  amyloid	  precursor	  protein	  (APP)	  
2.1 The	  APP	  protein	  family	  
APP	   is	   a	   type	   I	   transmembrane	   protein,	   member	   of	   Amyloid	   Precursor	   Protein	  
superfamily	  –APP	  and	  APP-­‐like	  proteins,	  APLPs-­‐	  formed	  by	  APP,	  APLP-­‐1	  and	  -­‐2	  in	  
mammals	   (Goldgaber	   et	   al.,	   1987;Wasco	   et	   al.,	   1993).	   APLPs	   are	   very	   similar	   to	  
APP	  except	  that	  they	  do	  not	  contain	  the	  Aβ	  peptide	  sequence	  (Walsh	  et	  al.,	  2007).	  
APP	   and	   APLP-­‐2	   are	   expressed	   ubiquitously	   with	   particularly	   high	   expression	   in	  
neurons,	  whereas	  APLP-­‐1	   is	  found	  primarily	   in	  the	  nervous	  system	  (Lorent	  et	  al.,	  
1995).	   APLP-­‐2	   like	   APP	   contains	   an	   acidic	   domain	   called	   Kunitz-­‐type	   protease	  
inhibitor	   (KPI),	   while	   APLP-­‐1	   lacks	   this	   additional	   domain	   (Fig.04)	   (Aydin	   et	   al.,	  
2012).	  The	  ectodomain	  E1	  regions	  GFLD	  and	  CuBD	  (see	  in	  2.1	  APP	  structure)	  are	  	  
	  
	  
Fig.04	  Differences	  between	  APP	  family	  proteins.	  
APP	   and	   APLP-­‐2	   possess	   a	   N-­‐terminal	   signal	   peptide	   (SP).	   In	   their	   ectodomain,	   they	   possess	   a	  
Growth	   factor-­‐like	   domain	   (GFLD)	   and	   a	   Copper-­‐binding	   domain	   (CuBD)	   together	   forming	   the	   E1	  
domain,	  an	  acidic	  domain	  (AcD)	  followed	  by	  a	  Kunitz-­‐type	  protease	   inhibitor	  domain	  (KPI)	  and	  the	  
E2	  domain.	   In	   its	   extracellular	  domain,	  APLP-­‐1	  only	   lacks	   the	  KPI	  domain.	  APP	  membrane	  domain	  
contains	   the	  Aβ	  peptide	  but	  not	   the	  APLPs	  but	   they	  all	   have	  an	   intracellular	  domain	   called	  either	  
AICD	  (APP	  intracellular	  domain)	  or	  an	  APP-­‐like	  intracellular	  domain	  1	  or	  2	  (ALID1	  and	  2).	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present	   in	   all	   three	   proteins	   but	   are	  more	   conserved	   between	   APP	   and	   APLP-­‐2	  
than	   APLP-­‐1	   (Dahms	   et	   al.,	   2010).	   Like	   APP,	   APP-­‐like	   proteins	   are	   present	   in	  
different	   species	   and	   undergo	   proteolytic	   processing.	   They	   produce	   either	   the	  
AICD	   (APP	   intracellular	   domain)	   or	   its	   homologs	   ALID	   (APP-­‐like	   intracellular	  
domain).	   The	   genetic	   interactions	   of	  APP	   and	  APP-­‐like	   genes	   at	   the	   level	   of	   the	  
phenotype	   and	   the	   similarity	   in	   biochemical	   processing	   have	   generated	   the	  
assumption	  of	  a	  functional	  redundancy.	  However,	  there	  is	  growing	  evidence	  that	  
APP	   paralogs	   are	   not	   simply	   extra	   copies	   from	   the	   ancestral	   gene	   but	   have	  
evolved	  to	  perform	  different	  neuronal	  events	  (Fig.05)	  (Shariati	  and	  De,	  2013).	  
	  
	  
	  
	  
Fig.05	  APP	  family	  tree.	  	  
A	   simplified	   dendrogram	  based	   on	  APP	   and	   its	   paralogs	   depicts	   the	   evolution	   events	   in	   the	   gene	  
family.	  The	  duplication	  (orange)	  and	  contraction	  (deep	  blue)	  nodes	  are	  shown	  (lengths	  of	  the	  lines	  
are	   not	   proportional	   to	   evolutionary	   distance	   between	   species);	   mya,	   million	   years	   ago	   (From	  
Shariati	  et	  al.,	  2013).	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Models	   of	   single	   and	   combined	   APP	   and	   APLP	   knock-­‐out	   (KO)	   mice	   have	   been	  
developed	  to	  study	  their	  function.	  Single	  KO	  for	  the	  3	  APP	  homologues	  are	  viable,	  
they	   show	   only	   moderate	   but	   slightly	   different	   phenotypes	   (Heber	   et	   al.,	  
2000;Zheng	   et	   al.,	   1995;Midthune	   et	   al.,	   2012).	   APP/APLP-­‐1	   double	   deletion	   is	  
viable	  but	  deletion	  of	  APLP-­‐2	  with	  concomitant	  deletion	  of	  APP	  or	  APLP-­‐1	  displays	  
a	   perinatal	   lethal	   phenotype	   (Heber	   et	   al.,	   2000;Guo	   et	   al.,	   2012;Aydin	   et	   al.,	  
2011).	  Therefore	  there	  is	  a	  dominant	  function	  of	  APLP-­‐2	  but	  APP	  and	  APLP-­‐1	  can	  
work	  together	  to	  compensate.	  APPsα	  knock-­‐in	  (KI)	   in	  an	  APLP-­‐2	  null	  background	  
but	   not	   APPsβ	   rescued	   the	   lethality,	   although	   they	   still	   have	   neuromuscular	  
problems	   (Li	   et	   al.,	   2010;Weyer	  et	  al.,	   2011).	   This	   rescue	   is	  probably	  due	   to	   the	  
presence	  of	  the	  YENPTY	  motif	  (Barbagallo	  et	  al.,	  2010;Matrone	  et	  al.,	  2011).	   It	   is	  
clear	   that	   these	   3	   proteins	   reflect	   a	   complex	   evolution	   process	   that	   cannot	   be	  
simplified	   by	   redundancies	   or	   divergences.	   Their	   neuron-­‐specific	   function	   is	  
preserved	   but	   innovation	   created	   divergences	   in	   their	   expression	   and	  
interactions.	  
The	   APP	   gene	   is	   located	   on	   the	   chromosome	   21	   and	   contains	   19	   exons	   (Kang	  
1987).	  Alternative	  splicing	  of	  exon	  2,	  7,	  8	  and	  15	  expresses	  10	  different	  isoforms	  
of	   365	   to	   771	   amino	   acids	   (Octave,	   1995).	   The	  most	   frequent	   isoforms	   are	  APP	  
695,	   751	   and	   770	   (Fig.06).	   APP	   695	   is	   largely	   expressed	   in	   the	   central	   nervous	  
system	  and	   is	  neuronal	   specific	  whereas	  APP	  751	   is	  ubiquitously	  expressed.	  APP	  
770	  and	  751	  isoforms	  like	  APLP-­‐2	  contain	  an	  extra	  KPI	  domain,	  encoded	  by	  exon	  
7.	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Fig.06	  APP	  most	  frequent	  isoforms.	  
APP	  most	   frequent	   isoforms	   are	   APP	   770,	   APP	   751	   and	   the	   neuronal	   APP	   695	   isoform.	   They	   are	  
produced	   by	   alternative	   splicing	   and	   have	   similar	   structures.	   APP	   770	   and	   751	   differ	   from	   the	  
neuronal	  695	   isoform	  by	   the	  Kunitz-­‐type	  protease	   inhibitor	  domain	   (KPI).	   They	  all	   display	  a	   signal	  
peptide	   (SP).	  They	  possess	   in	   their	  ectodomain	  a	  Growth	   factor-­‐like	  domain	   (GFLD)	  and	  a	  Copper-­‐
binding	  domain	  (CuBD)	  together	  forming	  the	  E1	  domain,	  an	  acidic	  domain	  (AcD)	  followed	  or	  not	  by	  a	  
Kunitz-­‐type	  protease	  inhibitor	  domain	  (KPI)	  and	  the	  E2	  domain.	  They	  all	  also	  contain	  the	  Aβ	  peptide	  
and	  the	  intracellular	  domain	  AICD	  (APP	  intracellular	  domain).	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2.2 APP	  structure	  
The	   APP	   family	   proteins	   contain	   a	   large	   glycosylated	   extracellular	   part,	   a	  
transmembrane	  α-­‐helical	  domain	  and	  a	  short	  conserved	  cytoplasmic	  tail	  (Fig.07).	  
Unstructured	   linker	   domains	   ensure	   the	   connexion	   and	   flexibility	   of	   these	   3	  
domains.	  The	  extracellular	  part	  of	  the	  protein	  called	  the	  ectodomain	  possess	  two	  
regions:	   E1	   and	   E2.	   The	   E1	   region	   (residues	   18	   to	   207)	   structure	   has	   been	  
completely	  identified	  by	  crystal	  structure	  analysis	  (Dahms	  et	  al.,	  2010).	  This	  region	  
encompasses	   a	   growth	   factor-­‐like	   domain	   (GFLD,	   28-­‐123)	   and	   a	   copper-­‐binding	  
domain	  (CuBD,	  127-­‐188)	  (Barnham	  et	  al.,	  2003;Rossjohn	  et	  al.,	  1999).	  These	  two	  
subunits	   were	   previously	   suggested	   to	   be	   independent	   folding	   units	   but	   they	  
rather	  seem	  to	  form	  a	  rigid	  entity	  (Gralle	  et	  al.,	  2006).	  The	  GFLD	  displays	  a	  highly	  
basic	   surface	   suggested	   to	   interact	  with	   glycosaminoglycans	   and	   a	   hydrophobic	  
surface	  important	  for	  ligand	  binding	  (Rossjohn	  et	  al.,	  1999).	  Cysteine	  residues	  98	  
and	   105	   are	   part	   of	   a	   N-­‐terminal	   flexible	   loop	   and	   form	   a	   disulfide	   bridge.	   The	  
CuBD	  consists	  of	  a	  triple-­‐stranded	  β-­‐sheet	  packing	  of	  the	  α-­‐helix	  (Barnham	  et	  al.,	  
2003).	  This	  site	  binds	  Cu(II)	  that	  is	  reduced	  to	  Cu(I)	  upon	  the	  oxidation	  of	  cysteine	  
residues	   144	   and	   158	   (Barnham	   et	   al.,	   2003).	   The	   E1	   domain	   is	   followed	   by	   an	  
acidic	   region	   and	   a	   Kunitz-­‐type	   protease	   inhibitor	   (KPI)	   domain	   (subject	   to	  
alternative	  splicing	  in	  both	  APP	  and	  APLP).	  The	  E2	  region	  (residues	  365	  to	  570)	  is	  
the	   largest,	   its	  structure	  consists	  of	  six	  α-­‐helices	  with	  double	  and	  triple	  stranded	  
structures	   (Wang	   and	   Ha,	   2004).	   It	   contains	   the	   heparan	   sulfate	   proteoglycans	  
(HSPG)	  binding	  site	  and	  a	  RERMS	  sequence	  thought	   to	  promote	  cell	  growth	  and	  
differentiation	  (Multhaup	  et	  al.,	  1995).	  APP	  and	  APLPs	  ectodomains	  are	  known	  to	  
bind	  various	  proteins	   from	   the	  extracellular	  matrix,	   all	   influencing	  each	  other	   in	  
their	  binding	   strength	  and	  probably	  playing	  a	   role	   in	   cellular	  adhesion	   (Beher	  et	  
al.,	  1996;Multhaup	  et	  al.,	  1996).	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Fig.07	  APP	  different	  structures	  and	  proteolytic	  fragments.	  
This	   represents	   the	   domains’	   architectures	   of	   the	   APP	   695	   isoform.	   The	   extracellular	   E1	   and	   E2	  
domains	  are	  separated	  by	  and	  acidic	  region	  and	  linked	  to	  the	  juxtamembrane	  and	  transmembrane	  
domain	   (TMD)	   and	   an	   intracellular	   domain	   (AICD).	   Dash	   lines	   give	   structurally	   unknown	   regions,	  
proposed	   interactions	   domain	   within	   E1	   and	   E2	   are	   shown	   in	   grey.	   Arrows	   indicate	   enzymes	  
cleavage	   sites	   and	   breakdown	   products	   are	   delimitated.	   The	   C-­‐terminal	   sequence	   from	   the	  
juxtamembrane	  sequence	  is	  given	  with	  the	  Aβ	  and	  TMD	  sequences	  underlined	  and	  AICD	  sequence	  
fingerprints	  color-­‐coded	  (From	  Muller	  and	  Wild,	  2013).	  
	  
	  
The	   Aβ	   sequence	   is	   localized	   at	   the	   ectodomain	   and	   transmembrane	   domain	  
boundary.	  The	  N-­‐terminal	  half	  of	  the	  transmembrane	  domain	  contains	  the	  end	  of	  
Aβ	   sequence	   (from	   residue	   29).	   This	   region	   encompasses	   3	   consecutive	   GXXXG	  
motifs	   and	   is	   supposed	   to	   adopt	   an	   α-­‐helical	   structure	   (Kienlen-­‐Campard	   et	   al.,	  
2008).	  APP	  cytoplasmic	  part	  comprising	  the	  47	  last	  amino	  acids	  is	  called	  AICD	  for	  
APP	  intracellular	  domain.	  First	  studies	  show	  only	  transiently	  structured	  regions	  in	  
aqueous	  solution	  (Ramelot	  et	  al.,	  2000)	  but	  complete	  crystal	  structure	  analysis	  of	  
AICD	  bound	  to	  Fe65	  is	  now	  available	  (Radzimanowski	  et	  al.,	  2010).	  The	  C-­‐terminal	  
domain	  contains	  TPEE	  and	  YENPTY	  sequence	  motifs;	  both	  have	  threonine	  and/or	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tyrosine	  phosphorylation	  sites	  (Kroenke	  et	  al.,	  1997;Radzimanowski	  et	  al.,	  2008).	  
In	   the	   family,	  both	  APLP1	  and	  APLP2	  possess	   the	  YENPTY	  motifs	  but	  only	  APLP2	  
contain	   the	   TPEE	   motif.	   These	   two	   kinds	   of	   motif	   are	   binding	   sequences	   that	  
might	   function	  as	  molecular	   switches	   for	   various	  binding	  partners	   (Ramelot	   and	  
Nicholson,	   2001;Suzuki	   and	   Nakaya,	   2008).	   The	   NPXY	   motif	   is	   also	   known	   as	   a	  
common	  signal	  for	  endocytosis,	  necessary	  for	  APP	  internalization	  (Lai	  et	  al.,	  1995).	  
The	  APP	  family	  proteins	  undergo	  post-­‐translational	  modifications	  including	  N-­‐	  and	  
O-­‐glycosylation,	   sialylation	   and	  CS	  GAG	  modification	  of	   the	   ectodomain	   and	   are	  
phosphorylated	   at	   multiple	   sites	   within	   the	   intracellular	   domain	   (Suzuki	   and	  
Nakaya,	  2008;Jacobsen	  and	  Iverfeldt,	  2009).	  During	  evolution,	  E1	  and	  E2	  domains	  
together	   with	   the	   YENPTY	   motif	   are	   the	   most	   conserved	   sequences	   in	   APP	  
(Coulson	  et	  al.,	  2000),	  giving	  clues	  to	  its	  hypothetical	  functions.	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2.3 APP	  cellular	  functions	  
After	   decades	   of	   investigations,	   cellular	   functions	   of	   APP	   remain	   somehow	  
hypothetical,	  due	  to	  major	  obstacles	  facing	  the	  investigations.	  The	  first	  issue	  is	  the	  
complex	   proteolytical	   processing	   of	  APP	   that	   generate	  many	   fragment	   proteins,	  
each	   showing	   specific	   interactions.	   The	   second	   obstacle	   is	   the	   partially	  
overlapping	   functions	   of	   APP	   and	   APLPs,	   making	   the	   analysis	   very	   difficult	   to	  
interpret.	  The	  assumed	  functions	  of	  APP	  are	  charged	  to	  either	  full-­‐length	  APP,	  the	  
AICD,	  Aβ	  or/and	  soluble	  sAPP.	  A	  large	  part	  of	  the	  admitted	  functions	  is	  attributed	  
to	   sAPP	   forms.	   In	   vivo	   they	   constitute	   at	   least	   50%	   of	   all	   APP	   forms	   and	   both	  
sAPPα	  and	  β	  showed	  a	  half-­‐life	  of	  4-­‐5	  hours,	  compared	  to	  1h	  for	  full-­‐length	  APP	  
(Morales-­‐Corraliza	  et	  al.,	  2009).	  
Full-­‐length	  membrane	  bound	  APP	  resembles	  cell	  surface	  receptors	  and	  has	  been	  
shown	   to	   bind	   a	   lot	   of	   proteins	   trough	   the	   extracellular	   but	   also	   intracellular	  
domains.	  APP	   interacts	  with	  cell-­‐surface	  proteins	   including	  Alcadein	  (Araki	  et	  al.,	  
2003),	  F-­‐spondin	  (Ho	  and	  Sudhof,	  2004),	  Reelin	  (Hoe	  et	  al.,	  2009),	  LRP1	  (Pietrzik	  et	  
al.,	  2004),	  sorL1/LR11	  (Schmidt	  et	  al.,	  2007),	  Nogo-­‐66	  receptor	  (Park	  et	  al.,	  2006),	  
Notch2	   (Chen	   et	   al.,	   2006)	   and	   Netrin	   (Lourenco	   et	   al.,	   2009).	   Several	   of	   these	  
interactions	   regulate	   APP	   processing	   but	   their	   physiological	   relevance	   is	   poorly	  
understood.	   A	   lot	   of	   investigations	   concerning	  APP	   interactions	   also	   focused	   on	  
the	  well-­‐known	  and	  highly	  conserved	  YENPTY	  motif	  within	   the	  AICD	  region.	  Like	  
lots	  of	  receptor	  proteins	   it	  confers	  clathrin-­‐mediated	  endocytosis	  and	  modulates	  
processing	   (Perez	   et	   al.,	   1999;Ring	   et	   al.,	   2007).	   Multiple	   intracellular	   binding	  
partners	   of	   the	   YEPNTY	  motif	   have	   been	   identified,	   including	   kinases	   as	  well	   as	  
adaptor	   proteins	   like	   mDab1,	   JIP,	   Shc,	   Grb2,	   Numb,	   X11/mint	   family	   and	   Fe65	  
family	   proteins.	   These	   interactions	   may	   not	   only	   modulate	   APP	   processing	   but	  
also	  cell-­‐signaling.	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APP/APLPs	   proteins	   are	   upregulated	   during	   maturation	   and	   differentiation	   of	  
neurons.	   They	   are	   present	   in	   transport	   vesicles	   and	   undergo	   anterograde	  
transport	   to	   synaptic	   sites	   (Koo	   et	   al.,	   1990;Sisodia	   et	   al.,	   1993;Kaether	   et	   al.,	  
2000;Szodorai	   et	   al.,	   2009).	   The	   protein	   expression	   and	   localization	   in	   neuronal	  
cells	   suggest	   a	   role	   in	   synaptic	   adhesion	   and	   function.	   Although	   they	   remain	  
elusive,	   the	   commonly	   admitted	   functions	   of	   APP	   are	   cellular	   and	   synaptic	  
adhesion,	  neuronal	  and	  synapto-­‐trophic	  function,	  axon	  pruning	  and	  degeneration,	  
intracellular	   signaling	   and	  apoptosis.	   They	   are	   analyzed	   in	   vitro	   and	   in	   vivo	  with	  
loss-­‐of-­‐function	  studies.	  
	  
Cellular	  and	  synaptic	  adhesion	  
Analysis	  of	  APP	  and	  APLPs	  conserved	  domains	  support	  the	  adhesion	  property	  for	  
all	   members	   of	   the	   family.	   First,	   APP	   extracellular	   domain	   has	   been	   shown	   to	  
interact	   with	   extracellular	   matrix	   components	   such	   as	   heparin	   (Clarris	   et	   al.,	  
1997),	   collagen	   type	   I	   (Beher	   et	   al.,	   1996)	   and	   laminin	   (Kibbey	   et	   al.,	   1993),	  
indicating	   a	   role	   in	   cell-­‐matrix	   adhesion.	   Independently,	   APP/APLPs	   homo-­‐	   and	  
hetero-­‐dimerization	   can	   promote	   cell-­‐cell	   adhesion.	   It	   has	   been	   reported	   that	  
heparin	  binding	  to	  E1	  or	  E2	  domains	  of	  APP	  induces	  its	  homodimerization	  (Dahms	  
et	   al.,	   2010;Gralle	   et	   al.,	   2006).	   Trans-­‐cellular	   APP	   dimerization	   can	   mediate	  
synaptic	   adhesion	   like	   neurexins/neuroligins,	   SynCAMs	   and	   LRRTM	   (leucine-­‐rich	  
repeat	   transmembrane	   neuronal	   proteins).	   APP	   extracellular	   sequence	   engages	  
transsynaptic	   interactions	   while	   the	   intracellular	   domain	   YENPTY	   motif	   recruit	  
pre-­‐	  and	  post-­‐synaptic	  complexes	  like	  Mint/CASK	  (calcium/calmodulin-­‐dependent	  
serine	  protein	   kinase)	   (Biederer	  et	   al.,	   2002;Wang	  et	   al.,	   2009).	  Besides	  a	  direct	  
role,	   APP	   has	   also	   been	   shown	   to	   colocalize	   with	   integrins	   at	   surface	   adhesion	  
sites	  of	  axons	   (Storey	  et	  al.,	  1996;Young-­‐Pearse	  et	  al.,	  2008).	   It	  can	  also	   interact	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with	  other	  cell	  adhesion	  molecules	  including	  NCAM	  (Ashley	  et	  al.,	  2005),	  NgCAM	  
(Osterfield	  et	  al.,	  2008)	  and	  TAG1	  (Ma	  et	  al.,	  2008).	  
	  
Neuronal	  and	  synapto-­‐trophic	  function	  
There	   are	   evidences	   that	   APP	   can	   also	   have	   neurotrophic	   activities.	   Deletion	   or	  
reduction	   of	   APP	   lead	   to	   reduced	   neurite	   outgrowth,	   synaptic	   activity	   and	  
impaired	  neuronal	  viability	   in	  vivo	  (Allinquant	  et	  al.,	  1995).	  This	  can	  be	  mediated	  
by	   the	   full-­‐length	   protein	   and	   likely	   involves	   its	   adhesion	   properties	   particularly	  
through	   heparin-­‐binding	   (Small	   et	   al.,	   1994).	   Growth	   promoting	   and	   trophic	  
activities	  are	  also	  attributed	  to	  sAPPα.	  This	  soluble	  form	  has	  been	  shown	  in	  many	  
experiments	   to	   promote	   proliferation	   and	   synaptic	   density	   (Ninomiya	   et	   al.,	  
1993;Mucke	   et	   al.,	   1994;Roch	   et	   al.,	   1994;Meziane	   et	   al.,	   1998).	   In	   vivo	   sAPPα	  
shows	  a	  role	   in	  spatial	  memory	  and	  LTP	  by	  neurogenesis	  and	  neurite	  outgrowth	  
(Taylor	   et	   al.,	   2008;Turner	   et	   al.,	   2003).	   sAPPα	   could	   act	   as	   a	   cofactor	   of	   the	  
epidermal	  growth	  factor	   (EGF)	   (Caille	  2004),	   through	  ERK	  phosphorylation	   (Rohe	  
et	  al.,	  2008)	  or	  downregulation	  of	   the	  cyclin-­‐dependant	  kinase	  5	   (CDK5)	   (Han	  et	  
al.,	  2005).	  The	  action	  of	  sAPPα	  is	  supported	  by	  APP/APLP2	  dKO	  mice	  lethality	  fully	  
restored	  by	  the	  only	  expression	  of	  the	  fragment	  protein	  (Ring	  et	  al.,	  2007).	  
	  
Axon	  pruning	  and	  degeneration	  
Whereas	  sAPPα	  shows	  trophic	  and	  neuroprotective	  functions,	  sAPPβ	  is	  much	  less	  
active	  and	  even	  described	  as	  toxic.	  sAPPα	  antagonizes	  dendritic	  degeneration	  and	  
neuronal	  death	  pathway	  triggered	  by	  proteasome	  stress	  (Copanaki	  et	  al.,	  2010).	  In	  
constrast,	  sAPPβ	  undergoes	  an	  additional	  cleavage,	  producing	  N-­‐terminal	  35	  kDa	  
derivates.	  Under	  trophic	  withdrawal	  conditions,	  this	  soluble	  peptide	  called	  N-­‐APP	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binds	   to	   Death	   receptor	   6	   (DR6)	   and	   mediate	   axon	   pruning	   and	   neuronal	  
degeneration	   (Nikolaev	  et	  al.,	  2009).	  This	  mechanism	  could	  occur	  during	  normal	  
embryonic	   development	   but	   also	   during	   neurodegeneration.	   Opposite	   activities	  
between	  sAPPα	  and	  β	  are	   intriguing	  as	  there	  is	  only	  a	  17	  amino	  acids	  difference	  
between	  the	  two	  fragments.	  
	  
Intracellular	  signaling	  
AICD	  is	  highly	  reminiscent	  of	  the	  intra-­‐cellular	  domain	  of	  the	  Notch	  protein	  NICD	  
that	   triggers	   Notch	   signaling	   pathway	   and	   was	   early	   shown	   to	   form	   a	   similar	  
transcriptionally	  active	  complex	  (Cao	  and	  Sudhof,	  2001).	  Further	  studies	  depicted	  
a	  more	  complex	  picture.	  AICD	  production	  may	  not	  be	  required	  for	  APP	  signaling	  
activity	  but	  only	  phosphorylation	  of	  Tip60	  chromatin-­‐remodeling	  factor	  (Hass	  and	  
Yankner,	   2005).	   Finally,	   APP	   has	   been	   suggested	   to	   modulate	   the	   overall	  
transcriptional	   state	   of	   a	   cell	   rather	   than	   specific	   genes	   (Giliberto	   et	   al.,	   2008).	  
During	   the	   past	   decade,	   some	   downstream	   targets	   of	   APP	   have	   been	   proposed	  
including	   KAI	   (Baek	   et	   al.,	   2002),	   GSK3β	   (Kim	   et	   al.,	   2003),	   neprilysin	   (Pardossi-­‐
Piquard	  et	  al.,	  2005),	  EGFR	  (Zhang	  et	  al.,	  2007),	  p53	  (Checler	  et	  al.,	  2007),	  LRP	  (Liu	  
et	  al.,	  2007),	  APP	  itself	  (von	  Rotz	  et	  al.,	  2004),	  genes	  involved	  in	  calcium	  regulation	  
(Leissring	   et	   al.,	   2002),	   cytoskeletal	   dynamics	   (Muller	   et	   al.,	   2007),	   of	   genes	  
involved	   in	   the	   control	   of	   cholesterol	   homeostasis	   (Pierrot	   et	   al.,	   2013)	   and	  
several	   immediate	  early	  genes	   including	  EGR1	  (Hendrickx	  et	  al.,	  2013).	  Despite	  a	  
decade	  of	  broad	   investigations	   in	   this	   field,	  neither	   the	  molecular	  pathways	  nor	  
the	  downstream	  targets	  have	  been	  unambiguously	  identified.	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Apoptosis	  
AICD	  has	  been	  shown	  to	  be	  further	  cleaved	  by	  caspases	  and	  produce	  a	  31	  amino	  
acids	   fragment	   called	   Jcasp	   or	   C31.	   This	   peptide	   is	   suggested	   to	   mediate	  
cytotoxicity	   (Bertrand	  et	  al.,	  2001;Lu	  et	  al.,	  2003;Park	  et	  al.,	  2009).	  Despite	   large	  
amyloid	   pathology,	   impaired	   synaptic	   plasticity,	   memory	   and	   learning	   are	  
corrected	   in	   APP	   transgenic	   mice	   models	   only	   by	   mutation	   of	   the	   caspase	  
cleavage	   site	   (Galvan	   et	   al.,	   2006).	   This	   really	   supports	   an	   apoptotic	   function	  of	  
APP	   in	   the	   disease	   but	   needs	   further	   investigation	   regarding	   challenging	   results	  
(Harris	  et	  al.,	  2010).	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2.4 APP	  Metabolism	  
APP	   metabolism	   has	   been	   extensively	   studied	   as	   it	   generates	   the	   Aβ	   peptides	  
(Fig.08).	   For	   decades,	   two	   specific	   pathways	   have	   been	   attributed	   to	   APP	  
processing.	   These	  pathways	  were	   initially	  defined	  by	   their	   ability	   to	  produce	  Aβ	  
peptide	   or	   not,	   so	   they	   were	   called	   amyloidogenic	   and	   non-­‐amyloidogenic	  
pathways.	   The	   involved	   endoproteolytic	   enzymes	   are	   commonly	   named	  
secretases.	  	  
	  
	  
Fig.08	  APP	  canonical	  processing.	  
Since	   decades,	   the	   assumed	   processing	   of	   APP	   involves	   two	   different	   pathways.	   By	   the	   non-­‐
amyloidogenic	  pathway,	  APP	  is	  cleaved	  by	  α-­‐secretase	  to	  release	  sAPP-­‐α	  and	  membrane-­‐anchored	  
CTF-­‐α.	  Then,	  CTF-­‐α	  is	  processed	  by	  the	  γ-­‐secretase	  to	  produce	  a	  small	  p3	  peptide	  and	  the	  AICD.	  The	  
amyloidogenic	   pathway	   releases	   the	   famous	   Aβ	   peptide	   together	   with	   the	   AICD	   after	   a	   first	   β-­‐
secretase	   cleavage	   prior	   the	   γ-­‐secretase.	   This	   β-­‐cleavage	   produces	   a	   sAPP-­‐β	   and	   a	   membrane-­‐
anchored	  CTF-­‐β	  eventually	  cleaved	  by	  the	  γ-­‐secretase.	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The	  non-­‐amyloidogenic	  pathway	  is	  the	  major	  in	  terms	  that	  it	  processes	  up	  to	  80%	  
of	   the	   APP	   expressed	   in	   cells.	   It	   was	   initially	   considered	   as	   the	   physiological	  
processing	   pathway,	   by	   opposition	   to	   the	   amyloidogenic	   pathway.	   However,	  
evidences	  rapidly	  came	  up	  showing	  that	  APP	  is	  processed	  by	  both	  pathways	  in	  all	  
cell	   types	   under	   physiological	   conditions	   (Haas	   et	   al.,	   1995).	   The	   non-­‐
amyloidogenic	  pathway	  is	  initiated	  by	  the	  shedding	  of	  APP	  ectodomain	  by	  the	  α-­‐
secretase,	   releasing	   a	   soluble	   fragment	   called	   soluble	   APP	   α	   (sAPPα)	   and	   a	  
membrane-­‐anchored	   α	   C-­‐terminal	   fragment	   (αCTF).	   In	   the	   amyloidogenic	  
pathway	   leading	   to	  Aβ	  production,	  APP	   is	   instead	   cleaved	  by	   the	  β-­‐secretase	   at	  
the	   N-­‐terminus	   of	   the	   Aβ	   sequence,	   releasing	   a	   soluble	   extracellular	   fragment	  
(sAPPβ)	  and	  a	  membrane-­‐anchored	  β	  C-­‐terminal	  fragment	  (βCTF).	  The	  γ-­‐secretase	  
is	   a	   very	   peculiar	   enzyme,	   cleaving	   its	   substrates	   within	   their	   transmembrane	  
region,	   a	   process	   known	   as	   Regulated	   Intramembrane	   Proteolysis	   or	   RIP.	  
Processing	   of	   the	   α	   and	   β	   C-­‐terminal	   fragments	   (αCTFs	   and	   βCTFs)	   by	   the	   γ-­‐
secretase	   releases	   the	  AICD	   in	   the	   cytoplasm	   in	   both	   cases	   (Fig.08)	   (Haas	   1993,	  
Zhang	  2003).	  In	  the	  meantime,	  they	  produce	  either	  the	  p3	  peptide	  from	  αCTF	  or	  
Aβ	  from	  βCTF.	  However,	  this	  simple	  description	  has	  become	  much	  more	  complex	  
over	  the	  years.	  	  
Very	   recently,	   an	   alternative	   pathway	   in	  APP	  processing	  has	   been	   characterized	  
after	   the	   discovery	   of	   a	   new	   fragment,	   intermediate	   in	   size	   between	   full-­‐length	  
APP	  and	  CTFs	  (Willem	  et	  al.,	  2015).	  Indeed,	  before	  cleavage	  by	  β-­‐	  or	  α-­‐secretase,	  
another	   enzyme	   called	   η-­‐secretase	   can	   cut	   APP	   in	   its	   extracellular	   domain.	   This	  
releases	   a	   sAPPη	   fragment	   in	   the	   extracellular	   compartment	   and	   a	  membrane-­‐
anchored	  ηCTF.	   The	   latter	   can	  be	   further	   cleaved	  by	   the	  α-­‐	   and	  β-­‐secretases	   to	  
release	  Aη-­‐β	  or	  Aη-­‐α	  peptides	  (Fig.09)	   (Willem	  et	  al.,	  2015;Tyan	  and	  Koo,	  2015).	  
Apparently	  η-­‐secretase	  processing	  even	  significantly	  exceeds	  amyloid	  processing	  
in	  human	  neurons	  (Fig.09).	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Fig.09	  The	  η-­‐secretase	  alternative	  pathway.	  
The	  canonical	  pathway	  involves	  direct	  cleavage	  of	  APP	  by	  α-­‐	  or	  β-­‐secretases,	   leading	  to	  further	  Aβ	  
production	  (right	  side).	  Prior	  to	  α-­‐	  or	  β-­‐secretases	  APP	  can	  be	  cleaved	  by	  the	  η-­‐secretase,	  entering	  
the	  η-­‐secretase	  pathway	  (left	  side).	  
	  
	  
The	  α-­‐secretase	  and	  soluble	  APP	  α	  
The	   α-­‐secretase	   is	   the	   key	   enzyme	   in	   the	   non-­‐amyloidogenic	   pathway.	   The	   α-­‐
secretase	   cleaves	  APP	  between	   residues	   Lys16	   and	   Leu17	   of	  Aβ	   sequence	   (the	  α-­‐
site),	   precluding	   further	   formation	   of	   Aβ	   (Wang	   et	   al.,	   1991).	   Several	   proteases	  
from	   the	  ADAM	   (“A	  disintegrin	   and	  metalloprotease”)	   protein	   family	   have	  been	  
identified	   under	   the	   generic	   umbrella	   of	   α-­‐secretase.	   ADAM9,	   ADAM10	   and	  
ADAM17	   are	   considered	   as	   the	   principal	   members	   (Asai	   et	   al.,	   2003).	   Several	  
studies	   suggested	   that	   ADAM17	   and	   ADAM10	   would	   be	   responsible	   for	   the	  
regulated	   α-­‐secretase	   cleavage	   of	   APP	   (Buxbaum	   et	   al.,	   1998;Lammich	   et	   al.,	  
1999).	   ADAM	  10	   can	   be	   regulated	   by	   phosphorylation	   through	  protein	   kinase	   C	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(PKC)	   (Durairajan	   et	   al.,	   2011).	   α-­‐cleavage	   of	   endogenous	   APP	   is	   inhibited	   by	   a	  
dominant	  negative	   form	  of	  ADAM	  10,	  with	   a	  point	  mutation	   in	   the	   zinc	  binding	  
site	   (Lammich	   et	   al.,	   1999).	   ADAM10	   is	   the	   constitutively	   active	   form	   of	   α-­‐
secretase	   (Kuhn	   et	   al.,	   2010),	   although	   its	   transcription	   and	   activity	   can	   be	  
regulated	   by	   the	   sirtuin	   histone	   deacetylase	   SIRT1	   (Donmez	   et	   al.,	   2010)	   for	  
example.	  
Soluble	  APP	  α	  (sAPPα)	  has	  been	  attributed	  the	  axon	  pruning	  and	  synaptotrophic	  
functions	   of	   APP	   (cf.	   2.3	  APP	   cellular	   functions).	   sAPPα	  has	   shown	   trophic	   roles	  
during	   development,	   particularly	   in	   neuronal	   cells	   proliferation	   and	   synaptic	  
density	   through	   its	   E2	   RERMS	   motif	   (Baratchi	   et	   al.,	   2012).	   In	   addition	   to	   its	  
neurotrophic	   properties,	   sAPPα	   regulates	   and	   restores	   memory	   through	   long-­‐
term	  potentiation	   (LTP)	   (Turner	   et	   al.,	   2003;Taylor	   et	   al.,	   2008).	   sAPPα	   has	   also	  
neuroprotective	  effects	  against	  oxidative	  stress,	  ischemic	  injuries	  and	  antagonism	  
of	   proteasome-­‐induced	   cell	   death	   (Mattson	   et	   al.,	   1993;Smith-­‐Swintosky	   et	   al.,	  
1994;Copanaki	   et	   al.,	   2010).	   The	   most	   striking	   phenotype	   confirming	   the	  
importance	  of	  sAPPα	  is	   its	  ability	  to	  restore	  the	  viability	  of	  APLP2/APP	  dKO	  mice	  
(Ring	  et	  al.,	  2007).	  
	  
The	  β-­‐secretase	  and	  the	  amyloidogenic	  pathway	  
The	  first	  step	  of	  the	  amyloidogenic	  pathway	  involves	  the	  β-­‐secretase	  also	  known	  
as	   “β-­‐APP	   cleaving	   enzyme”	   1	   or	   BACE1.	   Another	   member	   of	   the	   BACE	   family	  
(BACE2)	  has	  been	   identified	   (Solans	  et	  al.,	  2000).	  BACE1	  cleaves	  APP	  at	   the	   first	  
amino	   acid	   of	   the	   Aβ	   sequence.	   Upon	   this	   cleavage,	   soluble	   APP	   β	   (sAPPβ)	   is	  
released	   and	   the	   transmembrane	   APP	   β	   C-­‐terminal	   fragment	   (βCTF)	   remains	  
anchored	   in	   the	   membrane.	   BACE1	   together	   with	   BACE2	   are	   membrane-­‐
associated	   type	   I	   proteins	   containing	   2	   particular	  motifs	   termed	  D(T/S)G(T/S)	   in	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their	  extracellular	  domain	  that	  are	  critical	  for	  its	  aspartyl	  protease	  activity	  (Vassar	  
et	   al.,	   1999).	   They	   are	   expressed	   in	   several	   tissues	   and	   compete	   for	   their	  
substrate.	  In	  the	  central	  nervous	  system,	  BACE1	  is	  the	  principal	  active	  β-­‐secretase	  
in	   neurons	   whereas	   BACE2	   is	   mostly	   expressed	   in	   astrocytes	   (Irizarry	   et	   al.,	  
2001a).	   BACE1	   cleaves	   APP	   at	   the	   β-­‐site,	   while	   BACE2	   cuts	   APP	   within	   Aβ	  
sequence	  at	  the	  β’-­‐site	  between	  residues	  10	  and	  11	  (Farzan	  et	  al.,	  2000;Yan	  et	  al.,	  
2001).	  
Although	  sAPPβ	  share	  the	  same	  83	  last	  amino	  acids	  than	  sAPPα,	  it	  does	  not	  show	  
the	   same	   neuroprotective	   and	   memory	   helping	   functions	   (Furukawa	   et	   al.,	  
1996a;Furukawa	   et	   al.,	   1996b).	   sAPPβ	   unlike	   its	   α	   counterpart	   does	   not	   rescue	  
APP/APLP2	  knockout	  lethality	  (Li	  et	  al.,	  2010).	  Soluble	  APPβ	  has	  nevertheless	  been	  
shown	  to	  induce	  axonal	  outgrowth	  and	  robustly	  drives	  neuronal	  embryonic	  stem	  
cells	   differentiation	   (Freude	   et	   al.,	   2011).	   On	   the	   other	   hand,	   sAPPβ	   has	   been	  
hypothesized	  to	  induce	  cell	  death	  through	  activation	  of	  caspase-­‐6	  (Nikolaev	  et	  al.,	  
2009)	  but	  whether	  this	  soluble	  peptide	  is	  really	  stable	  in	  vivo	  or	  undergoes	  further	  
cleavages	  to	  produce	  toxic	  metabolites	  is	  still	  under	  debate	  (Li	  et	  al.,	  2010).	  
	  
The	  η-­‐secretase	  and	  Aηs	  
The	  new	  APP-­‐cleaving	  enzyme	   involves	  a	  site	  between	  amino	  acids	  504	  and	  505	  
(APP695	  numbering),	  N-­‐terminal	  to	  the	  β-­‐secretase	  cleavage	  site.	  The	  η-­‐secretase	  
involves	  at	  least	  the	  MT5	  subclass	  of	  membrane-­‐bound	  metalloproteinases	  (MT5-­‐
MMP).	  The	  η-­‐secretase	  proteolysis	  generates	  a	  ±25	  kDa	  CTFη	  ending	  at	  the	  APP	  C-­‐
terminal.	   ηCTF	   fragment	   protein	   is	   also	   further	   processed	   by	   β-­‐	   or	   α-­‐secretase,	  
generating	  the	  Aη-­‐β	  or	  Aη-­‐α	  of	  92	  and	  108	  residues	  respectively	  with	  the	  β	  and	  α	  
CTF.	   Aη	   peptides	   were	   identified	   in	   vitro	   as	   well	   as	   in	   mice	   and	   human	   brains	  
(Willem	  et	  al.,	  2015).	  The	  enzyme	  and	  the	  ηCTF	  have	  been	  shown	  to	  accumulate	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within	   dystrophic	   neurites	   in	   close	   vicinity	   to	   amyloid	   plaques.	   Aη-­‐α	   has	   been	  
suggested	  to	  suppress	  the	  activity	  of	  hippocampal	  neurons	  in	  vivo	  while	  Aη-­‐β	  had	  
no	  effect.	  
	  
The	  γ-­‐secretase	  complex	  and	  the	  γ-­‐cleavage	  
1. γ-­‐secretase	  and	  regulated	  intramembrane	  proteolysis	  
The	   γ-­‐secretase	   is	   the	   enzyme	   involved	   in	   the	   last	   steps	   of	   both	   amyloidogenic	  
and	  non-­‐amyloidogenic	  pathway.	  It	  processes	  APP	  after	  ectodomain	  shedding	  by	  
α-­‐	  or	  β-­‐secretase,	  and	  cleaves	  C-­‐terminal	   fragments	   (α	  and	  βCTF)	   to	   release	   the	  
p3	   fragment	   or	   the	   Aβ	   peptide	   (Fig.10).	   In	   addition,	   cleavage	   of	   APP	   CTFs	  
generates	  AICD	  a	  priori	  in	  both	  pathways.	  
The	  γ-­‐secretase	   is	  a	   tetrameric	  high	  molecular	  weight	  complex	  with	  a	  molecular	  
mass	  calculated	  to	  be	  ±230	  kDa	  by	  scanning	  electron	  microscopy	  (Osenkowski	  et	  
al.,	  2009)	  (Fig.10).	  	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Fig.10	  The	  γ-­‐secretase	  complex	  subunits.	  
The	   γ-­‐secretase	   is	   a	   tetrameric	   proteolytic	  
complex	   formed	   by	   the	   association	   of	   PS1	  
or	  2	  (PSEN1/PSEN2),	  the	  catalytic	  core,	  with	  
the	   nicastrin	   (NCT),	   presenilin	   enhancer	   2	  
(PEN2)	   and	   anterior	   pharynx	   defective	   1	  
(APH1)	   (From	   Andersson	   and	   Lendahl,	  
2014).	  
CHAPTER	  I:	  Introduction	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  2.	  The	  amyloid	  precursor	  protein	  (APP)	  
57	  
Gamma-­‐secretase	   is	   an	   aspartyl	   protease,	   and	   it	   belongs	   to	   the	   intramembrane	  
cleaving	  proteases	  (I-­‐CLiPs)	  family.	  I-­‐CliPs	  family	  proteases	  include	  S2P,	  the	  signal	  
peptide	  peptidases	   (SPPs),	   the	  rhomboids	  and	  the	  Presenilins	   (PSs),	   the	  catalytic	  
subunits	  of	   the	  γ-­‐secretase.	  Among	  this	   family	  containing	  about	  15	  members,	  γ-­‐
secretase	  is	  one	  of	  the	  most	  studied.	  Each	  of	  these	  enzymes	  recognizes	  numerous	  
substrates.	   At	   least	   90	   have	   been	   identified	   so	   far	   and	   are	   mainly	   type	   I	  
transmembrane	   proteins	   like	   APP	   (Beel	   and	   Sanders,	   2008).	   I-­‐CLiPs	   have	   been	  
implicated	  in	  a	  wide	  range	  of	  cellular	  responses	  (Annaert	  and	  De,	  2002;Dillen	  and	  
Annaert,	   2006;Wolfe	   and	   Kopan,	   2004).	   It	   is	   now	   well	   established	   that	   these	  
proteases	   have	   the	   particularity	   to	   mediate	   regulated	   membrane	   proteolysis.	  
They	  cleave	  their	  substrates	  within	  the	  hydrophobic	  core	  of	  their	  transmembrane	  
domains.	  
One	   characteristic	   of	   the	   I-­‐CLiPs	   is	   that	   they	   only	   accept	   substrates	   with	   short	  
ectodomains.	  The	  enzyme	  interacts	  with	  the	  free	  amino	  group	  of	  substrates	  after	  
the	   shedding	   of	   the	   ectodomain.	   This	   explains	   the	   sequence	   heterogeneity	   of	  
their	   substrates	   as	   the	   targeting	   of	   the	   I-­‐CLiPs	   relies	   on	   ectodomain	   shedding	  
rather	   than	   primary	   sequence	   of	   the	   substrate.	   Consequently,	   intramembrane	  
proteolysis	  is	  often	  regulated	  by	  an	  independent	  proteolytic	  cleavage	  resulting	  in	  
the	   truncation	   of	   the	   substrate.	   This	   kind	   of	   proteases	   is	   often	   involved	   in	  
intracellular	   signaling,	  by	   releasing	   intracellular	  domains	  of	  TM	  proteins	   (Notch),	  
cholesterol	   metabolism,	   and	   can	   also	   display	   a	   proteasome-­‐like	   function,	  
removing	   needless	   transmembrane	   segments	   to	   prevent	   clogging	   of	   cellular	  
membranes.	  
The	  active	  complex	  of	  the	  γ-­‐secretase	  is	  composed	  by	  at	  least	  4	  core	  proteins:	  the	  
Nicastrin	   (NCT),	   Anterior	   pharynx	   defective	   1	   (APH1),	   Presenilin	   enhancer	   2	  
(PEN2)	  and	  the	  Presenilin	  1	  or	  2	  (PS1	  or	  PS2).	  In	  human,	  there	  are	  2	  different	  PS	  
and	   3	   different	   APH1	   isoforms.	   It	   is	   thus	   possible	   to	   distinguish	   6	   different	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complexes,	   showing	  distinct	   distributions	   and	   substrate	   specificity	   (Herreman	  et	  
al.,	  1999;Mastrangelo	  et	  al.,	  2005).	  PSs	  are	   the	  catalytic	  core	  of	   the	  γ-­‐secretase,	  
each	  containing	  two	  catalytic	  aspartate	  amino	  acids	  responsible	  for	  their	  activity	  
(De,	   2003).	   PSs	   distinguish	   themselves	   from	   other	   I-­‐CLiPs	   in	   their	   absolute	  
requirement	  for	  their	  cofactors.	  Each	  of	  the	  subunits	  is	  essential	  to	  form	  an	  active	  
γ-­‐secretase	   complex	   (Edbauer	   et	   al.,	   2003).	   They	   assemble	   sequentially,	   in	   a	  
1:1:1:1	   stoichiometry	   (Sato	   et	   al.,	   2007)	   and	   are	   superimposed	   on	   transport	  
regulation.	  
	  
2. Structure	  of	  the	  γ-­‐secretase	  catalytic	  site	  
Recently,	   cryo-­‐electromicroscopy	   (cryo-­‐EM)	   allowed	   to	   determinate	   the	   3D	  
structure	  of	  the	  γ-­‐secretase	  complex	  (Lazarov	  et	  al.,	  2006;	  Lu	  et	  al.,	  2014).	  The	  19	  
TMD	   of	   the	   enzyme	   subunits	   are	   organized	   into	   a	   horseshoe-­‐shaped	   structure	  
with	  a	  large	  empty	  pocket	  in	  the	  center	  and	  two	  openings	  toward	  the	  luminal	  side	  
(Fig.11).	  The	  large	  hydrophilic	  cavity	  contains	  the	  TMD	  6	  and	  7	  of	  the	  PS,	  with	  the	  
catalytic	   aspartate	   residues	   (Sato	   et	   al.,	   2006).	   It	   allows	   the	   water	   access	  
(mandatory	  for	  its	  proteolytic	  activity)	  from	  the	  intracellular	  but	  not	  extracellular	  
side.	  NCT	  extracellular	  domain	  is	  located	  immediately	  above	  the	  hollow	  center	  of	  
the	   cavity,	   interacting	   closely	   with	   its	   extracellular	   loops	   to	   cover	   the	   opening	  
(Lazarov	   et	   al.,	   2006).	   NCT	   seems	   to	   contain	   a	   surface	   groove	   above	   the	   lipid	  
membrane	  facing	  the	  hollow	  center	  of	  the	  horseshoe	  (Lu	  et	  al.,	  2014).	  This	  groove	  
could	   be	   the	   putative	   substrate-­‐binding	   site	   and	   is	   consistent	   with	   the	   studies	  
involving	  NCT	  extracellular	  domain	  in	  substrate	  recognition	  and	  positioning	  (Dries	  
et	   al.,	   2009;Shah	   et	   al.,	   2005).	   The	   two	   TMDs	   of	   PEN2	   are	   likely	   to	   be	   inserted	  
between	  PS	  TMD6	  and	  7	  on	  the	  cytoplasmic	  side	  of	  the	  cavity	  (Lu	  et	  al.,	  2014).	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Fig.11	   Cryo-­‐EM	   structure	   of	   human	   γ-­‐secretase	  
complex.	  
3D	   horseshoe	   structure	   of	   the	   γ-­‐secretase	   shows	   the	  
transmembrane	   domain	   (TMD)	   in	   blue	   and	   the	  
extracellular	   domain	   (ECD)	   in	   green.	   In	   the	   box,	   the	  
lower	  view	  shows	  the	  catalytic	  cavity	  and	  the	  19	  TMDs	  
of	  the	  γ-­‐complex	  including	  PS,	  NCT,	  APH1	  and	  PEN2	  (Lu	  
et	  al.,	  2014).	  
	  
	  
	  
	  
3. Assembly	  and	  maturation	  of	  the	  tetrameric	  complex	  
The	   correct	   assembly	   and	   interactions	   among	   the	   19	   different	   TMD	   of	   the	   γ-­‐
secretase	   are	   fundamental	   for	   its	   functionality.	   Genetic	   ablation	   of	   only	   one	  
component	   of	   the	   complex	   is	   sufficient	   to	   induce	   mislocation,	   incomplete	  
maturation	  and	  destabilization	  of	  the	  whole	  complex.	  The	  assembly	  is	  more	  likely	  
to	  be	  initiated	  early	  in	  the	  endoplasmic	  reticulum	  (ER)	  by	  the	  interaction	  of	  APH1	  
with	   the	   NCT,	   mediated	   by	   the	   TMD	   of	   NCT	   (Fig.12).	   The	   two	   proteins	   form	   a	  
stable	   subcomplex,	   to	   which	   the	   other	   components	   are	   added	   (LaVoie	   et	   al.,	  
2003).	  Then,	  the	  NCT-­‐APH1	  subcomplex	  interacts	  with	  the	  C-­‐ter	  of	  PS	  (Kaether	  et	  
al.,	   2004;Steiner,	   2008).	   Deletion	   of	   the	   last	   residue	   is	   sufficient	   to	   block	   γ-­‐
secretase	   assembly	   and	   NCT	   maturation	   (Kaether	   et	   al.,	   2004).	   Mutation	   of	  
GXXXG	  motif	  in	  APH1	  TMD	  abolishes	  the	  binding	  of	  the	  complex	  to	  PS,	  but	  not	  to	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NCT	  (Nimura	  et	  al.,	  2005).	   In	  this	  case,	  PEN2	   joins	  the	  trimeric	   intermediate	  and	  
ends	   γ-­‐secretase	   formation	   by	   initiation	   of	   the	  maturation.	   On	   the	   other	   hand,	  
PEN2	  may	  also	  bind	  PSs	  independently	  to	  form	  a	  second	  subcomplex	  (Fraering	  et	  
al.,	  2004).	  TMD1	  is	  known	  to	  interact	  with	  the	  PS	  N-­‐terminal	  fragment	  (NTF)	  and	  
more	  precisely	  the	  TMD4	  (Kim	  and	  Sisodia,	  2005).	  This	  interaction	  is	  independent	  
of	  any	  other	  interaction	  with	  NCT-­‐APH1	  (Watanabe	  et	  al.,	  2005).	  
Association	   with	   PEN2	   TMD1	   leads	   to	   a	   major	   conformational	   rearrangement	  
opening	   the	   putative	   substrate	   entry	   site.	   It	   is	   involved	   in	   the	   autocatalytic	  
cleavage	  of	  PS	  in	  the	  loop	  between	  TMD6	  and	  7.	  This	  produces	  2	  fragments:	  NTF	  
and	  CTF.	  They	  are	  stabilized	  by	  PEN2	  and	  mandatory	   for	   the	  activation	  of	   the	  γ-­‐
secretase,	   allowing	   acquisition	   of	   its	   catalytic	   properties	   (Thinakaran	   et	   al.,	  
1996;Takasugi	   et	   al.,	   2003).	   However,	   binding	   of	   PEN2	   alone	   to	   PSs	   is	   not	  
sufficient	  to	  trigger	  endoproteolysis,	  the	  presence	  of	  each	  protein	  is	  mandatory.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Fig.12	  Sequential	  interactions	  leading	  to	  the	  γ-­‐secretase	  complex	  formation.	  
APH1	   first	  associates	  with	  NCT	   to	   for	  a	   stable	   subcomplex.	   (A)	  The	   subcomplex	  APH1-­‐NCT	   further	  
associates	  with	  PS1	  and	  then	  PEN2	  to	  form	  the	  γ-­‐secretase.	  (B)	  PS1	  and	  PEN2	  associates	  to	  form	  a	  
second	   subcomplex	   and	   then	   APH1-­‐NCT	   and	   PS1-­‐PEN2	   associates	   to	   form	   the	   γ-­‐secretase	   (From	  
Spasic	  and	  Annaert,	  2008).	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The	   final	   maturation	   step	   requires	   extensive	   N-­‐glycosylation	   of	   the	   NCT.	   It	  
involves	   the	   whole	   γ-­‐secretase	   assembly,	   leading	   to	   translocation	   from	   the	   ER	  
towards	  the	  Golgi	  and	  trans-­‐golgi	  network	  (TGN)	  where	  maturation	  is	  completed	  
(Kimberly	  et	  al.,	  2002).	  Although	  PS	  expression	   is	  required	  for	  NCT	  glycosylation,	  
NCT	  maturation	  is	  independent	  of	  PS	  endoproteolysis	  (Dries	  and	  Yu,	  2008).	  
	  
4. γ-­‐secretase	  sequential	  cleavage	  of	  APP	  
γ-­‐secretase	   processes	   APP	   in	   several	   steps.	   The	   enzymatic	   complex	   cuts	   the	  
protein	  in	  a	  sequential	  manner	  starting	  from	  a	  ε-­‐site.	  The	  ε	  cleavage	  site	  is	  located	  
at	  the	  C-­‐terminal	  part	  of	  the	  APP	  TMD.	  The	  cleavage	  occurs	  either	  on	  position	  48	  
or	  49	  (Aβ	  numbering)	   (Gu	  et	  al.,	  2001).	  Cleavage	  at	  this	  position	  requires	  a	   local	  
helix-­‐to-­‐coil	   transition	   of	   the	   APP	   helix	   to	   expose	   the	   cleavage	   site	   (Sato	   et	   al.,	  
2009).	   At	   the	   intracellular	   membrane	   boundary,	   the	   helical	   structure	   is	   locally	  
unraveled,	  allowing	  following	  amino	  acids	  of	  the	  protein	  to	  shift	  in	  the	  active	  site	  
of	   the	   enzyme.	   This	   way,	   γ-­‐secretase	   trims	   up	   the	   protein	   until	   the	   γ-­‐site,	  
producing	   Aβ	   intermediates	   and	   finally	   the	   common	   38	   to	   42	   isoforms	   (Fig.13)	  
(Sato	  et	  al.,	  2009).	  
	  
	  
	  
	  
Fig.13	   Unraveling	   of	   APP	   α-­‐
helix	   for	  γ-­‐secretase	   sequential	  
cleavage.	  
Cleavage	   of	   the	   γ-­‐secretase	   at	  
the	  ε-­‐site	   involves	  unraveling	  of	  
the	  protein	  to	  shift	  the	  following	  
amino	  acids	  to	  the	  catalytic	  site.	  
This	   indicates	   the	  main	  sequen-­‐
tial	   trimming	   pathways	   leading	  
to	   the	  production	  of	  Aβ	  40	  and	  
42	  (From	  Sato	  et	  al.,	  2009).	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The	  γ-­‐secretase	  cleaves	  mainly	  every	  three	  or	  four	  residues,	  defining	  two	  principal	  
cleavages	   consensus:	   Aβ49	   >	   Aβ46	   >	   Aβ43	   >	   Aβ40	   and	   Aβ48	   >	   Aβ45	   >	   Aβ42	   >	  
Aβ38	  (Qi-­‐Takahara	  et	  al.,	  2005;Takami	  et	  al.,	  2009).	  But	  the	  enzyme	  can	  also	  skip	  
some	   more	   amino	   acids	   and	   cleave	   after	   five	   or	   six	   residues,	   making	   the	   γ-­‐
cleavage	  even	  more	  complex	  (Fig.14).	  
To	  date,	  no	  consensus	  motif	  has	  been	  identified	  and	  substrate	  specificity	  is	  likely	  
to	  come	  from	  structural	  properties	  of	  the	  proteins.	  Orientation	  of	  the	  substrate	  in	  
the	   catalytic	   pocket	   probably	   defines	   the	   Aβ	   production	   route.	   Thus,	   after	  
ectodomain	   shedding,	   substrate	   docking	   and	   fitting	   to	   the	   catalytic	   site	   are	   key	  
regulatory	   events	   for	   their	   processing	   by	   the	   γ-­‐secretase	   (Struhl	   and	   Adachi,	  
2000).	  Trafficking	  of	  the	  γ-­‐secretase	  and	  its	  substrates,	  meaning	  their	  subcellular	  
localization	   in	   specific	   compartments	   is	   another	   key	  mechanism	   to	   consider	   for	  
the	   regulation	   of	   substrate	   processing	   (Beel	   and	   Sanders,	   2008).	   This	  
phenomenon	  may	  also	  be	  regulated	  by	  APP	  homodimerization	  through	  its	  GXXXG	  
motifs	  (2.5	  Dimerization	  and	  processing).	  Indeed,	  around	  25%	  of	  all	  the	  identified	  
γ-­‐secretase	  substrates,	  including	  APP,	  harbor	  the	  well-­‐known	  dimerization	  motifs	  
(Beel	  and	  Sanders,	  2008).	  
	  
	  
Fig.14	  Scheme	  of	  the	  stepwise	  successive	  γ-­‐secretase	  cleavages	  producing	  Aβ	  different	  isoforms.	  
The	   relative	   size	   and	   thickness	   of	   the	   arrows	   and	   dotted	   lines	   with	   arrowheads	   represent	   the	  
amount	  of	  the	  released	  peptide	  (Matsumura	  et	  al.,	  2014).	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Fig.15	  Structural	  model	  of	  APP	  TMD.	  
Proposed	  structural	  model	  of	  APP	  TMD	  dimer	  
in	   synthetic	   membranes.	   ε-­‐cleavage	   close	   to	  
Lysine649	   (APP695	  numbering)	  would	   lead	   to	  
local	  unraveling	  of	  the	  helix	  and	  shift	  of	  the	  γ-­‐
secretase	  binding	  site	  towards	  the	  γ-­‐site	  (Sato	  
et	  al.,	  2009).	  
	  
	  
	  
	  
5. The	  AICD	  
AICD	   is	   the	  57	  to	  59	  residues	   intracellular	   fragment	  released	  from	  APP	  by	  the	  γ-­‐
secretase	   in	   both	   amyloidogenic	   and	   non-­‐amyloidogenic	   pathways.	   However,	  
recent	   studies	   indicate	   that	   AICD	   is	   preferentially	   produced	   by	   the	   APP	   695	  
isoform	   through	   the	   β-­‐secretase	   cleavage	   rather	   than	   through	   the	   α-­‐secretase	  
(Belyaev	  et	  al.,	  2010).	  The	  AICD	  has	  an	  intrinsically	  disordered	  structure	  (Ramelot	  
et	  al.,	  2000;Ando	  et	  al.,	  2001).	  This	  small	  stub	  can	  adopt	  different	  conformations	  
explaining	  its	  versatile	  functions.	  Transient	  structure	  of	  APP	  intracellular	  domain	  is	  
well	  suited	  to	  recognize	  a	  multitude	  of	  differently	  shaped	  partners,	  with	  fast	  rates	  
of	  association/dissociation.	  More	  than	  20	  proteins	  have	  been	  reported	  to	  interact	  
with	   the	   AICD	   (Muller	   et	   al.,	   2008).	   However,	   little	   is	   known	   about	   these	  
interactions	  and	  their	  relevance	  in	  vivo.	  In	  the	  APP	  intracellular	  domain	  sequence,	  
3	   interaction	   motifs	   have	   been	   identified:	   the	   653YTSI,	   the	   667VTPEER	   and	   the	  
681GYENPTY	  sequences	  (Fig.07).	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The	   653YTSI	   sequence	   contains	   the	   threonine654	   and	   serine655	   that	   are	  
phosphorylated	  in	  the	  rat	  brain	  under	  physiological	  conditions	  (Oishi	  et	  al.,	  1997).	  
This	   sequence	   is	   implicated	   in	   clathrin-­‐mediated	   basolateral	   sorting	   of	   APP	   in	  
epithelial	   cells	   (Lai	   et	   al.,	   1998).	   PAT1	   protein	   is	   the	   only	   one	   demonstrated	   to	  
bind	   directly	   this	   motif.	   PAT1	   is	   associated	   with	   microtubules	   and	   mediates	  
basolateral	   sorting	   (Kuan	   et	   al.,	   2006).	   However,	   no	   link	   with	   sorting	   has	   been	  
identified	  in	  neurons	  yet	  (Back	  et	  al.,	  2007).	  
The	   second	   motif	   667VTPEER	   seems	   critically	   involved	   in	   pathophysiological	  
processes.	   Major	   binders	   of	   this	   motif	   are	   the	   adaptor/scaffolding	   Fe65	   family	  
(Fe65,	   Fe65L1	   and	   Fe65L2)	   (Mcloughlin	   et	   al.,	   2008).	   They	   can	   alter	   APP	  
processing	  by	  interaction	  with	  AICD	  through	  their	  PTB2	  (phosphotyrosine	  binding)	  
domain.	   Another	   direct	   interactor	   of	   the	   AICD	   sequence	   is	   the	   dimeric	   adaptor	  
protein	  14-­‐3-­‐3Υ	  (Sumioka	  et	  al.,	  2005).	  After	  AICD	  release,	  Fe65	  can	  translocate	  to	  
the	   nucleus	   and	   participate	   in	   gene	   transcription,	   with	   modulation	   by	   14-­‐3-­‐3Υ.	  
They	  should	  imply	  the	  transcription	  factors	  CP2/LSF/LBP1	  (Minopoli	  et	  al.,	  2001),	  
Tip60	  (Cao	  and	  Sudhof,	  2001)	  and	  the	  nucleosome	  assembly	  factor	  SET	  (Telese	  et	  
al.,	  2005).	  Possible	  target	  genes	  include	  the	  glycogen	  synthase	  kinase-­‐3β	  (GSK3β),	  
Neprilysin,	  KAI1	  and	  the	  low-­‐density	  lipoprotein	  receptor-­‐related	  protein	  1	  (LRP1).	  
Their	  physiological	  relevance	  remains	  controversial	  (Konietzko,	  2012).	  Moreover,	  
667VTPEER	   sequence	   contains	   the	   threonine	   668	   established	   as	   the	   major	  
phosphorylation	   site	   of	   APP	   (Suzuki	   and	   Nakaya,	   2008).	   In	   neurons,	  
phosphorylation	  of	  this	  site	  can	  be	  mediated	  by	  the	  GSK3β	  and	  cyclin-­‐dependent	  
kinase	   5	   in	   neurons.	   Under	   thr668	   phosphorylation,	   the	   prolyl	   isomerase	   Pin1	  
enzyme	  mediates	   isomerization	  of	  the	  adjacent	  proline	  669	  residue	  (Ando	  et	  al.,	  
2001;Radzimanowski	  et	  al.,	  2008).	  This	  could	  have	  crucial	  consequences	  on	  AICD	  
interacting	  network	  and	  APP	  physiological	  functions.	  	  
CHAPTER	  I:	  Introduction	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  2.	  The	  amyloid	  precursor	  protein	  (APP)	  
65	  
The	   third	   motif	   is	   the	   681GYENPTY	   sequence.	   It	   has	   been	   widely	   studied	   as	   the	  
NPXY	  sequence	  is	  a	  well-­‐established	  internalization	  signal	  for	  membrane	  proteins	  
sorting	   towards	   endosomes	   and	   lysosomes	   (Chen	   et	   al.,	   1990;Bonifacino	   and	  
Traub,	  2003).	  	  The	  NPXY	  motif	  is	  well	  known	  to	  interact	  also	  with	  adaptor	  proteins	  
containing	  a	  PTB	  or	  PID	  (phosphotyrosine	  interacting)	  domain	  (Uhlik	  et	  al.,	  2005).	  
The	  binders	  of	  this	  motif	  include	  members	  of	  the	  X11/Mint,	  JIP	  (c-­‐Jun	  N-­‐terminal	  
kinase	   interacting	   protein),	   Dab	   and	   Shc	   families	   as	   well	   as	   the	   Numb	   protein.	  
Mints	   sequences	   reduce	   Aβ	   production,	   by	   suppression	   of	   APP	   translocation	   in	  
lipid	  rafts	  containing	  the	  β-­‐	  and	  γ-­‐secretase	  (Wang	  et	  al.,	  2009;Saito	  et	  al.,	  2008).	  
Interactions	   of	   the	   AICD	   with	   X11/Mints	   are	   also	   suggested	   to	   have	   functional	  
roles	   in	   synapse	   formation	   and	   neurotransmitter	   release	   (Wang	   et	   al.,	  
2009;Ashley	  et	  al.,	  2005;Weyer	  et	  al.,	  2011).	   In	  APP,	  the	  NPXY	  signal	   is	  extended	  
by	   3	   N-­‐terminal	   residues	   (GYE)	   containing	   another	   phosphorylated	   tyrosine	  
(Tyr662)	   (Barbagallo	   et	   al.,	   2010;Perez	   et	   al.,	   1999).	   Dab1	   could	   rather	   increase	  
cell-­‐surface	  localization	  of	  APP,	  increasing	  cleavage	  by	  the	  α-­‐secretase	  (Howell	  et	  
al.,	  1999).	  Tyr682	  can	  be	  readily	  phosphorylated	  by	  the	  nerve	  growth	  factors	  TrkA	  
and	   the	   tyrosine	   kinases	  Abl	   and	   Src	   (Schettini	   et	   al.,	   2010).	   Phosphorylation	   of	  
Tyr682	  mediates	  APP	  sorting	  towards	  the	  amyloidogenic	  processing	  (Barbagallo	  et	  
al.,	   2010).	   Phosphorylated	   Tyr682	   is	   also	   required	   for	   the	   binding	   of	   the	  
cytoplasmic	   adaptor	  protein	   ShcA	  and	  Grb2	   to	  APP	  CTFs.	   The	   involved	   cascades	  
are	   known	   to	  mediate	   cell	   proliferation	   and	   gene	   transcription	   (Schettini	   et	   al.,	  
2010).	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AD	  treatments	  targeting	  the	  amyloidogenic	  processing	  and	  Aβ	  
To	  date,	  no	  curative	  treatment	  of	  AD	  exists.	  Most	  of	  therapeutic	  approaches	  only	  
slow	   the	   symptoms	   and	   associated	   co-­‐morbidities,	   including	   anxiety	   and	  
depression	   without	   stopping	   the	   progression	   of	   the	   disease.	   To	   cope	   with	  
memory	   loss	   associated	   with	   AD,	   lots	   of	   efforts	   have	   been	   undertaken	   to	   find	  
therapeutics	   ameliorating	  memory	  and	   cognitive	   functions.	   The	  major	   -­‐and	  only	  
approved-­‐	   treatments	   actually	   proposed	   to	   patients	   are	   acetylcholinesterase	  
inhibitors	   (AchEI)	   and	  NMDA	   receptors	   antagonists.	   Degeneration	   of	   cholinergic	  
neurons	  is	  and	  early	  event	  in	  the	  disease	  and	  AchEI,	  such	  as	  donepezil	  facilitating	  
cholinergic	  transmission	  that	  is	  defective	  in	  the	  pathology.	  Treated	  patients	  show	  
an	  initial	   improvement	   in	  cognitive	  functions	  followed	  by	  a	  slower	  decline	   in	  the	  
next	  months	   (Hansen	   et	   al.,	   2008).	   The	   extracellular	   accumulation	   of	   glutamate	  
induces	  an	  uncontrolled	  activation	  of	  NMDA	  receptors,	  inducing	  excitotoxicity	  and	  
neurodegeneration	   (Dong	   et	   al.,	   2009).	   NMDA	   antagonists	   like	   Memantine	  
prevent	  excitotoxicity	  without	  impairing	  the	  normal	  synaptic	  transmission	  (Lipton,	  
2004).	   Beside	   these	   neurotransmission-­‐based	   therapeutic	   approaches,	   a	   lot	   of	  
efforts	   have	   been	   invested	   to	   develop	   new	   specific	   amyloid	   production	   and	  
accumulation	  on	  the	  basis	  of	  the	  amyloid	  cascade	  hypothesis.	  
Stimulating	   α-­‐secretase	   activity	   is	   a	   first	   therapeutic	   strategy.	   Resveratrol	   is	   a	  
well-­‐known	  polyphenol	  particularly	  enriched	   in	  red	  wine	  and	  able	   to	   increase	  α-­‐
secretase	   activity.	   Increased	   expression	   of	   ADAM10	   leads	   to	   reduction	   and	  
delayed	   amyloid	   aggregation	   in	   mouse	   models	   (Postina	   et	   al.,	   2004).	   Another	  
molecule,	  biostatin	  A,	  reduces	  Aβ	   levels	  by	   increased	  α	  activity	   linked	  to	  protein	  
kinase	   C	   (PKC)	   (Etcheberrigaray	   et	   al.,	   2004).	   However,	   despite	   their	   potential	  
interest,	  none	  of	  these	  candidates	  has	  been	  tested	  yet	  in	  clinical	  trials.	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A	  more	  direct	  way	   to	   target	   the	  amyloid	  pathway	  was	  performed	  by	  evaluating	  
molecules	   that	   inhibit	   β-­‐	   or	   γ-­‐secretase	   activities.	   β-­‐secretase	   selective	  
compounds	  are	  already	  under	  clinical	  investigations,	  some	  reporting	  encouraging	  
results	  (Albert,	  2009).	  This	  enzyme	  has	  a	  particular	  active	  site	   in	  terms	  of	  nature	  
and	   size,	   making	   difficult	   the	   development	   of	   designed	   inhibitory	   compounds.	  
Agonists	  of	   the	  peroxisome	  proliferator-­‐activated	  receptor	  γ	   (PPARγ)	   that	   inhibit	  
β-­‐secretase	  failed	  to	  improve	  clinical	  biomarkers	  during	  clinical	  trials	  (Gold	  et	  al.,	  
2010).	  
Targeting	   γ-­‐secretase	   appeared	   as	   the	   principal	   but	  most	   challenging	   treatment	  
perspective.	   γ-­‐secretase	   inhibitors	   (GSIs)	  have	  been	  developed	   in	   the	  beginning.	  
The	   first	   generation	   GSI	   called	   Semagacestat	   reduced	   Aβ	   levels	   both	   in	   plasma	  
and	  cerebro-­‐spinal	   fluid	  (CSF),	  but	  rapidly	  showed	  severe	  side	  effects	  that	   led	  to	  
premature	  trial	   interruption	  (Bateman	  et	  al.,	  2009;Imbimbo	  and	  Giardina,	  2011).	  
These	   adverse	   effects,	   including	   detrimental	   intestinal	   problems,	   worsening	  
cognitive	   functions	   and	   increased	   risk	   cancer,	   were	   attributed	   to	   parallel	  
impairment	  of	  Notch	  signaling.	  The	  second	  generation	  GSI,	   including	  begacestat,	  
avagacestat	  and	  PF-­‐3,084,014	  are	  specific	  of	  APP	  cleavage,	  sparing	  Notch	  (Mayer	  
et	  al.,	  2008;Gillman	  et	  al.,	  2010;Lanz	  et	  al.,	  2010).	  These	  are	  currently	  under	  trial;	  
all	  are	  well	  tolerated	  and	  no	  particular	  side	  effects	  are	  reported	  so	  far	  (Tong	  et	  al.,	  
2012).	   Finally,	   γ-­‐secretase	   modulators	   (GSMs)	   including	   non-­‐steroidal	   anti-­‐
inflammatory	   drugs	   (NSAIDs)	   and	   NSAIDs-­‐like	   drugs	   have	   also	   been	   discovered.	  
Rather	  than	  blocking	  the	  enzyme,	  they	  modify	  the	  ratio	  of	  Aβ	  isoforms	  produced,	  
increasing	  Aβ	  38	  isoform	  and	  reducing	  the	  toxic	  Aβ42	  (Beher	  et	  al.,	  2004;Tomita,	  
2009).	   GSMs	   could	   have	   been	   promising	   but	   no	   clinical	   improvements	   were	  
reported	  and	  trials	  have	  been	  halted	  (Green	  et	  al.,	  2009).	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In	  parallel,	  another	  approach	  to	  clear	  Aβ	  peptides	  is	  the	  activation	  of	  the	  immune	  
system,	   triggering	   its	   elimination	   by	   phagocytosis.	   Active	   and	   passive	  
immunotherapies	   targeting	   the	   Aβ	   peptides	   have	   been	   evaluated	   in	   phase	   II	  
(active)	  or	  phase	  III	  clinical	  trials.	  Trials	  based	  on	  active	  immunotherapy	  against	  Aβ	  
showed	   an	   important	   clearance	   of	   senile	   plaques	   in	   patient’s	   brain,	   despite	   no	  
improvement	  of	  neurofibrillary	  tangles	  or	  cognitive	  functions	  (Vellas	  et	  al.,	  2009).	  
Moreover,	   they	   have	   been	   stopped	   before	   completion	   due	   to	   severe	   adverse	  
effect	   (meningoenceophalitis).	   Recently,	   a	   newly	   reported	   vaccine	   shows	  
interesting	   results	   as	   it	   is	  much	   better	   tolerated	   than	   previous	   (Lemere,	   2009).	  
Finally,	  passive	  immunization	  involves	  administration	  of	  monoclonal	  or	  polyclonal	  
antibodies	   directed	   against	   Aβ.	   Solanezumab	   and	   Gantenerumab	   are	   the	   main	  
tested.	   The	   clinical	   trials	   investigating	   passive	   immunotherapies	   showed	   no	  
benefit	   in	  primary	  outcomes	  (cognitive	  improvement	  and	  brain	  atrophy),	  despite	  
some	  observations	  indicating	  a	  reduction	  of	  amyloid	  loads	  and	  complex	  effects	  on	  
biomarkers	  (Doody	  et	  al.,	  2014b;Doody	  et	  al.,	  2014a).	  	  
One	   important	   consequence	   of	   these	   results	   was	   to	   call	   the	   amyloidogenic	  
cascade	  hypothesis	   into	  question	   (Herrup,	  2015).	  However,	   it	   is	  widely	  admitted	  
now	  that	  therapeutic	  approaches	  simply	  targeting	  Aβ	  are	  prone	  to	  fail	  as	  long	  as	  
we	  do	  not	  have	  a	  more	  complete	  picture	  of	  the	  precise	  nature	  of	  pathological	  Aβ	  
isoforms	  or	  conformations.	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2.5 APP	  cellular	  trafficking	  
Once	  produced	   in	   the	  endoplasmic	   reticulum	   (ER),	  APP	  undergoes	  a	   lot	  of	  post-­‐
translational	  modifications	   in	   its	  way	   to	   the	  plasma	  membrane.	   They	   include	  N-­‐
and	   O-­‐glycosylation	   but	   also	   cytoplasmic	   and	   ectodomain	   phosphorylations.	  
However,	  only	  a	  small	  fraction	  of	  the	  protein	  is	  present	  at	  the	  plasma	  membrane	  
(±10%).	  Due	  to	  its	  681GYENPTY	  motif,	  APP	  is	  rapidly	  internalized	  by	  clathrin-­‐coated	  
pits	  mediated	  endocytosis	  and	  delivered	  to	  endosomes	  (Fig.16).	  	  
	  
	  
Fig.16	  APP	  cellular	  trafficking.	  
APP	  traffics	  through	  the	  Golgi	  to	  the	  plasma	  membrane.	  At	  the	  membrane	  APP	  is	  primarily	  cleaved	  
by	  the	  α-­‐secretase	  and	  then	  γ-­‐secretase	  to	  produce	  the	  P3	  peptide.	  Membrane	  APP	  is	   internalized	  
through	  clathrin-­‐coated	  pits	  and	  delivered	  to	  endosomes	  where	  it	  is	  cleaved	  first	  by	  the	  β-­‐secretase	  
BACE1	  to	  release	  sAPPβ.	  Then	  βCTF	  is	  processed	  by	  the	  γ-­‐secretase	  to	  generate	  Aβ.	  Aβ	  peptides	  are	  
secreted	   to	   the	   extracellular	   space	   but	   some	   can	   aggregate	   in	   the	   late	   endosomes	   or	   lysosomes	  
(Modified	  from	  Bu,	  2009).	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In	  the	  endocytic	  pathway,	  only	  a	  tiny	  part	  of	  the	  precursor	  protein	  pool	  is	  recycled	  
to	   the	   cell	   surface	   from	   late	  endosomes.	  Measurable	  amounts	  of	  APP	   from	   late	  
endosomes	  are	  degraded	   in	   lysosomes	  or	   redirected	   to	   the	   trans-­‐Golgi	   network	  
(TGN).	  At	  steady	  state,	  the	  majority	  of	  APP	  localizes	  in	  the	  Golgi	  and	  TGN.	  During	  
their	   stay	   at	   the	   plasma	   membrane,	   APP	   proteins	   can	   be	   processed	   by	   the	   α-­‐
secretase	  (Sisodia,	  1992).	  BACE1	  is	  predominantly	  active	  in	  the	  late	  Golgi/TGN	  and	  
endosomes,	   consistent	   with	   amyloidogenic	   cleavage	   of	   wild-­‐type	   APP	   during	  
endocytic/recycling	  steps	  (Koo	  and	  Squazzo,	  1994).	  
γ-­‐secretase	   complex	   is	   present	   in	   multiple	   compartments	   including	   Golgi,	   TGN,	  
endosomes	   and	   the	   plasma	   membrane.	   Studies	   indicate	   that	   Aβ	   production	  
occurs	  mainly	  in	  the	  TGN	  and	  endocytic	  compartments	  while	  APP	  traffics	  through	  
the	  secretory	  and	  recycling	  pathways	  (Small	  and	  Gandy,	  2006).	  Trafficking	  of	  APP	  
seems	  to	  highly	  regulate	  its	  processing.	  At	  the	  plasma	  membrane,	  APP	  is	  cleaved	  
by	  the	  α-­‐secretase	  and	  enters	  the	  non-­‐amyloidogenic	  pathway.	  In	  the	  endosomes	  
and	   TGN,	   the	   precursor	   protein	   is	   processed	   sequentially	   by	   the	   β-­‐	   and	   γ-­‐
secretases	   to	   produce	   the	   Aβ	   peptide	   (Thinakaran	   and	   Koo,	   2008;Zhang	   et	   al.,	  
2012).	   Enzymes	   as	   well	   as	   APP	   trafficking	   in	   the	   cells	   can	   be	   regulated	   by	  
phosphorylation	   (Walter	   et	   al.,	   2001).	   APP	  phosphorylation	   state	   of	   Thr668	   and	  
direct	   (through	   the	   681GYENPTY	   sequence)	   or	   indirect	   interactions	   with	   adaptor	  
proteins	   including	   Fe65,	   Mint,	   Dab1	   and	   JIP	   regulate	   its	   trafficking	   and	   Aβ	  
production	   (Miller	   et	   al.,	   2006;Pietrzik	   et	   al.,	   2004;Ando	   et	   al.,	   2001;Lee	   et	   al.,	  
2003).	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2.6 Dimerization	  
APP	  has	  a	  transmembrane	  structure	  that	  displays	  a	  lot	  of	  similarities	  with	  cellular	  
receptors	  like	  Notch	  (Brou	  et	  al.,	  2000)	  and	  the	  Epidermal	  Growth	  Factor	  Receptor	  
(EGFR)	   (Schlessinger,	   2002).	   These	   receptors	   associate	   in	   dimers	   at	   the	   plasma	  
membrane	   to	   activate	   cellular	   pathways.	   Dimerization	   is	   not	   only	   required	   for	  
effective	   ligand	   binding	   and	   further	   signaling	   but	   is	   also	   needed	   for	  maturation	  
and	  transport	  to	  the	  plasma	  membrane.	  Interestingly,	  homodimerization	  (through	  
determinants	   present	   in	   the	   ectodomain)	   has	   been	   shown	   to	   control	   APP	  
trafficking	   to	   the	   membrane	   (Ben	   et	   al.,	   2012b).	   Based	   on	   structural	   features,	  
there	  are	  2	  hypothetical	  sites	  controlling	  APP	  homo-­‐	  and/or	  hetero-­‐dimerization:	  
the	  ectodomain	  and	  the	  transmembrane/juxtramembrane	  domain	  (TM)	  (Fig.17).	  
	  
	  
	  
	  
	  
	  
Fig.17	  APP	  different	  domains	  suggested	  for	  its	  
dimerization.	  
The	   APP	   ectodomain	   contains	   two	   major	  
regions	   (E1	   and	   E2).	   E1	   possesses	   a	   copper-­‐
binding	   domain	   (CuBD),	   separated	   by	   a	   loop	  
region	  (red	  bold	  line)	  from	  the	  Growth	  Factor-­‐
like	   Domain	   (GFLD).	   E1	   and	   E2	   are	   linked	   by	  
and	   acidic	   region	   (black	   bold	   line).	   The	   E2	  
domain	   is	   essentially	   formed	   by	   the	   Central	  
APP	  domain	  (CAPPD).	  APP770	  and	  751	  contain	  
a	   Kunitz	   Protease	   inhibitor	   domain	   (KPI).	   In	  
the	   cytoplasmic	   part,	   APP	   possesses	   an	   AICD	  
domain	   (APP	   Intracellular	   Domain).	   JM/TM,	  
juxtamembrane	   and	   transmembrane	   regions.	  
IC,	   intracellular	   region.	   The	   2	   hypothetical	  
dimerization	   sites	   are	   indicated	  by	   stars	   (Ben	  
Khalifa	  et	  al.,	  2010).	  
CHAPTER	  I:	  Introduction	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  2.	  The	  amyloid	  precursor	  protein	  (APP)	  
72	  
Ectodomain	  dimerization	  
The	   ectodomain	   is	   known	   to	   bind	   extracellular	  matrix	   proteins	   like	   heparin	   and	  
collagen	   through	   the	   E1	   region	   (Beher	   et	   al.,	   1996).	  APP	  has	   been	   suggested	   to	  
form	   homodimers	   in	   a	   way	   reminiscent	   to	   EGFR.	   The	   full-­‐length	   protein	  
dimerization	   seems	   mediated	   by	   the	   E1	   ectodomain	   region	   that	   contains	   the	  
Growth	   factor-­‐like	  domain	   (GFLD)	  and	   the	  Copper-­‐binding	  domain	   (CuBD)	   (Soba	  
et	  al.,	  2005).	  This	  region	  contains	  a	  loop	  formed	  by	  a	  disulfide	  bridge	  necessary	  for	  
the	   conformation	   that	   stabilizes	   the	  homodimeric	   state	   (Fig.08).	   The	   E2	  domain	  
also	  has	  been	  shown	  to	  reversibly	  dimerize	   in	  solution	   (Wang	  and	  Ha,	  2004).	  E2	  
contains	   the	   high-­‐affinity	   heparan	   sulfate	   proteoglycan	   (HSPG)	   binding	   site.	   It	  
possesses	   as	   well	   a	   RERMS	   sequence	   (Arginine328-­‐Glutamate329-­‐Arginine330-­‐
Methionine331-­‐Serine332	   amino	   acids	   sequence,	   APP695	   numbering)	   that	   could	  
promote	  cell	  growth	  and	  differentiation	  (Multhaup	  et	  al.,	  1995).	  This	  dimerization	  
occurs	  in	  the	  longest	  dimension	  of	  the	  molecule	  and	  in	  an	  antiparallel	  orientation,	  
packing	  the	  N-­‐terminal	  substructure	  of	  one	  monomer	  against	  the	  C-­‐terminal	  part	  
of	  the	  other.	  APP	  and	  its	  paralogs	  APLPs	  have	  been	  shown	  to	  form	  trans-­‐dimers	  in	  
a	   homo-­‐	   or	   heterotypic	   fashion,	   a	   process	   promoting	   cell	   adhesion	   (Soba	   et	   al.,	  
2005).	   Moreover,	   molecular	   interaction	   of	   APP	   and	   APLPs	   was	   enriched	   in	  
synaptic	  compartments.	  This	   interaction	  process	  has	  been	  described	  for	  proteins	  
belonging	  to	  the	  cell	  adhesion	  molecule	  (CAM)	  family.	  It	  supports	  the	  role	  of	  APP	  
in	   neuronal	   migration	   during	   embryogenesis	   (Young-­‐Pearse	   et	   al.,	   2007).	   APP	  
dimerization	   could	   be	   regulated	   by	   its	   binding	   to	   matrix	   proteins	   or	   heparin	  
(Gralle	  et	  al.,	  2006;Dahms	  et	  al.,	  2010),	  Zinc	  (Bush	  et	  al.,	  1993)	  or	  sAPPα	  (Gralle	  et	  
al.,	  2009).	  Recent	  studies	  in	  the	  team	  showed	  that	  the	  ectodomain	  mediates	  APP	  
dimerization	   in	   the	   ER-­‐Golgi	   intermediate	   compartment	   (ERGIC)	   and	   trans-­‐Golgi	  
network	  (TGN)	  (Ben	  Khalifa	  et	  al.,	  2012b).	  The	  KPI	  domain	  present	  in	  the	  APP	  751	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isoform	   (but	   not	   in	   APP	   695)	   is	   critical	   for	   native	   ectodomain	   folding,	   a	   key	  
regulatory	  mechanism	  for	  APP	  dimerization	  (Ben	  Khalifa	  et	  al.,	  2012a).	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Dimerization	  of	  the	  transmembrane	  domain	  and	  GXXXG	  motifs	  
APP	   contains	   at	   the	   extracellular	   JM/TM	   boundary	   3	   glycine-­‐XXX-­‐glycine	  
sequences	  called	  GXXXG	  motifs,	  followed	  by	  a	  GXXXA	  motif	  (Fig.18).	  It	  is	  a	  typical	  
feature	  of	  APP	  TM	  domain	  among	  the	  APP	  family	  because	  APLPs	  do	  not	  contain	  
any	   of	   these	   motifs.	   GXXXG	   motifs	   together	   with	   leucine	   zipper	   motifs	  
(LXXLXXXLXX)	  (Eilers	  et	  al.,	  2002)	  have	  been	  shown	  to	  mediate	  sequence-­‐specific	  
dimerization	  in	  transmembrane	  proteins	  (Curran	  and	  Engelman,	  2003).	  
GXXXG	  motifs	  are	  highly	  frequent	  in	  natural	  TMD	  sequences	  (12%	  of	  TM	  helices),	  
suggesting	  their	  role	  as	  key	  dimerization	  motifs	  (Senes	  et	  al.,	  2000;Unterreitmeier	  
et	  al.,	  2007).	  They	  have	  now	  been	   implicated	   in	  TMD	  interactions	  for	  more	  than	  
20	  different	  proteins	   like	   the	  human	   leucocyte	  antigen	   (HLA)	  proteins,	   integrins,	  
the	  Na/K	   ATPase	  β1	   and	   APP	   (Teese	   and	   Langosch,	   2015).	   In	   these	   GXXXG	   and	  
GXXXG-­‐like	  motifs,	  2	  glycines	  (G)	  or	  less	  frequently	  alanines	  (A)	  and	  serines	  (S)	  are	  
separated	  by	  3	  random	  (X)	  residues:	  (small)XXX(small).	  They	  have	  been	  described	  
first	  in	  the	  glycophorin	  A	  (GpA)	  protein	  in	  which	  they	  have	  been	  shown	  to	  mediate	  
close	   appositions	   of	   TM	   α-­‐helices	   (Fig.19)	   (Lemmon	   et	   al.,	   1992).	   The	   GpA	  
LIxxGVxxGVxxT	  sequence	  allows	  tight	  dimerization	  by	  direct	  contact	  between	  the	  
glycines	  facing	  each	  others.	  
	  
	  
	  
Fig.18	  Sequence	  of	  the	  APP	  TM	  and	  JM	  regions.	  
Sequence	   of	   the	   APP	   JM/TM	  part,	   starting	   from	   the	   Aβ	   sequence.	   	   α,	   β,	   γ	   (Aβ	   40	   and	   42)	   and	   ε	  
cleavage	  sites	  are	  indicated	  by	  arrows.	  GXXXG	  motifs	  are	  identified	  (bold)	  (From	  Sato	  et	  al.,	  2009).	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TM-­‐helix	   packing	   interfaces	   favor	   the	   small	   residues	   (G,	   S,	   A)	   in	   that	  
(small)XXX(small)	   conformation	   (Jiang	   and	   Vakser,	   2000).	   Insertion	   of	   these	  
residues	   into	   other	   hydrophobic	   TMD	   favors	   dimerization	   (Lemmon	   et	   al.,	  
1992;Brosig	   and	   Langosch,	   1998).	   Structural	   studies	   suggest	   that	   GXXXG	  motifs	  
can	   promote	   van	   der	   Waals	   interactions	   and	   hydrogen	   bonds	   through	   close	  
apposition	  of	  helices.	  The	  small	  residues	  or	  conformation	  of	  the	  small	  side	  chains	  
allow	   the	   interacting	   helices	   to	   be	   in	   proximity	   of	   each	   other	   (MacKenzie	   and	  
Engelman,	   1998;MacKenzie	   et	   al.,	   1997;Smith	   et	   al.,	   2001a;Smith	   and	  Bormann,	  
1995).	   They	   thus	   promote	   interactions	   between	   the	   main	   chain	   and	   hydrogen	  
bonding	  residues	  such	  as	  serines	  and	  cysteines	  (Zhang	  et	  al.,	  2015).	  The	  glycines	  
facing	   each	   other	   make	   hydrogen	   bonds	   (CαHO=C)	   and	   contribute	   to	   TMD	  
affinity	  (Smith	  et	  al.,	  2001b;Senes	  et	  al.,	  2001;Hong	  et	  al.,	  2014;Arbely	  and	  Arkin,	  
2004).	  	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Fig.19	   Structure	   of	   the	   glycophoryn	   A	   TM	  
sequences	  dimer.	  
Scheme	   of	   the	   key	   packing	   glycines	   of	   the	  
GXXXG	  motif	  highlighted.	  A	  Cα-­‐H·∙·∙·∙O	  hydrogen	  
bonds	   network	   between	   backbone	   carbonyls	  
(oxygen	   is	   shown	   as	   the	   red	   atoms)	   and	   the	  
Cα	  hydrogens	  of	  glycine	  residues	  (hydrogen	  is	  
shown	  as	   the	  white	  atoms)	  are	   shown,	  along	  
with	   a	   Cα-­‐H·∙·∙·∙O	   hydrogen	   bond	   made	   by	  
threonine	   side	   chain.	   Their	   hydrogen	   bonds	  
are	   indicated	  by	  dashed	   lines	   (From	  Bowie	  et	  
al.,	  2005).	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It	   has	   been	   suggested	   that	   GXXXG	   neighboring	   β-­‐branched	   residues,	   such	   as	  
leucines,	   promote	   GXXXG-­‐mediated	   dimerization	   by	   reducing	   the	   entropic	   cost	  
(Russ	  and	  Engelman,	  2000;Senes	  et	  al.,	  2000).	  However,	  recent	  studies	  could	  not	  
find	  any	  specific	  enrichment	  of	  β-­‐branched	  residues	  near	  GXXXG	  motifs	  (Dawson	  
et	   al.,	   2002;Unterreitmeier	   et	   al.,	   2007).	   The	   glycines	   facing	   each	   other	   make	  
hydrogen	   bonds	   (CαHO=C)	   and	   contribute	   to	   TMD	   affinity	   (Smith	   et	   al.,	  
2001b;Senes	   et	   al.,	   2001;Hong	   et	   al.,	   2014;Arbely	   and	  Arkin,	   2004).	   It	   has	   been	  
suggested	   that	   GXXXG	   neighboring	   β-­‐branched	   residues,	   such	   as	   leucines,	  
promote	  GXXXG-­‐mediated	  dimerization	  by	   reducing	   the	   entropic	   cost	   (Russ	   and	  
Engelman,	   2000;Senes	   et	   al.,	   2000).	  However,	   recent	   studies	   could	  not	   find	   any	  
specific	   enrichment	   of	   β-­‐branched	   residues	   near	   GXXXG	  motifs	   (Dawson	   et	   al.,	  
2002;Unterreitmeier	  et	  al.,	  2007).	  
APP	   contains	   3	   in-­‐register	  GXXXG	  motifs	   (Fig.	   19)	   that	   are	   forming	   an	   extended	  
interface,	   directly	   followed	   by	   a	   small	   GXXXA	   motif	   predicted	   to	   form	   another	  
interface	   for	  dimerization.	  NMR	  structural	   analysis	  of	  APP	  TMD	   indeed	   revealed	  
another	  parallel	  helix	  pair	  mediated	  by	   the	  association	  of	   small	  GXXXA	   interface	  
residues	  (Nadezhdin	  et	  al.,	  2012).	  The	  GXXXA	  motif	  facilitates	  the	  close	  approach	  
of	   the	  helices	  while	  bulky	   residues	  provide	  most	  of	   the	  van	  der	  Waals	   contacts.	  
Recently,	   a	   modeling	   study	   has	   suggested	   that	   APP	   dimers	   can	   adopt	   different	  
alternative	  structures	  in	  biological	  membranes,	  always	  through	  the	  GXXXG	  motifs	  
(Dominguez	  et	  al.,	  2014).	  
Mutational	   studies	   indicated	   that	   the	   GXXXG/A	   motifs	   are	   important	   for	   C99	  
(CTFβ)	   dimerization	   (Kienlen-­‐Campard	   et	   al.,	   2008)	   or	   dimerization	   of	   APP	   TM	  
sequences	   measured	   by	   reporter	   gene	   assays	   (Munter	   et	   al.,	   2007).	   However,	  
their	   influence	   on	   full-­‐length	   APP	   dimerization	   has	   been	   rather	   debated.	   More	  
recently,	   it	   has	   been	   suggested	   by	   split-­‐fluorescent	   protein	   analysis	   that	  GXXXG	  
motifs	  only	  play	  a	  marginal	  role	  in	  APP	  as	  well	  as	  in	  C99	  dimerization	  (Ben	  Khalifa	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et	  al.,	  2010;So	  et	  al.,	  2013).	  In	  addition	  to	  a	  direct	  role	  in	  dimerization,	  the	  GXXXG	  
motifs	  present	  in	  APP	  have	  been	  shown	  to	  bind	  cholesterol	  (Barrett	  et	  al.,	  2012),	  
acting	  as	  potential	  cholesterol	  sensors	  that	  could	  render	  dimerization	  sensitive	  to	  
the	   lipid	  composition	  of	  the	  membrane	  bilayer.	  Recent	  publications	  suggest	  that	  
the	  presence	  of	  GXXXG	  or	   (small)XXX(small)	  motifs	  within	   interacting	   sequences	  
does	  not	  ensure	  that	  they	  are	   involved	   in	  dimerization	  (Li	  et	  al.,	  2012;Teese	  and	  
Langosch,	  2015).	  
For	  sure,	  conserved	  TMD	  residues	  are	   involved	   in	   important	  functional	  roles	   like	  
helix	  flexibility	  (Li	  and	  Deber,	  1994;Stelzer	  and	  Langosch,	  2012),	  lipid	  interactions	  
(Stangl	   and	  Schneider,	   2015)	  or	   cellular	   localization	   (Cosson	  et	   al.,	   2013).	  But	   in	  
several	  cases,	  a	  role	  in	  TMD	  interaction	  remains	  unclear.	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Dimerization	  and	  processing	  
Homodimerization	   appears	   to	   play	   an	   important	   role	   in	   APP	   processing	   and	  
function.	  An	  initial	  work	  reported	  that	  APP	  homodimers	  forced	  by	  disulfide	  bonds	  
(K16C	  mutation)	   showed	   6-­‐8-­‐fold	   increased	  Aβ	   production	   (Scheuermann	   et	   al.,	  
2001).	  Interestingly,	  mutation	  to	  isoleucine	  (GXXXI)	  disrupted	  TMD	  dimerization	  in	  
bacterial	   membranes	   ToxCAT	   system	   (Munter	   et	   al.,	   2007).	   This	   dimerization	  
strength	  was	  likely	  to	  influence	  the	  access	  of	  γ-­‐secretase	  from	  the	  ε-­‐	  to	  γ-­‐cleavage	  
sites	   (Fig.11).	  Additionally,	   introducing	  mutations	   in	  GXXXG	  motifs	  of	  early	  onset	  
Alzheimer’s	   disease	   APP	   mutants	   decreased	   Aβ	   levels	   and	   rescued	   the	   disease	  
effects	   (Munter	   et	   al.,	   2010).	   In	   contrast,	   our	   previous	   studies	   showed	   an	  
enhanced	   dimerization	   of	   APP	   CTFs	   by	   mutations	   of	   GXXXG	   to	   isoleucine	   and	  
leucine	  (GXXXL/GXXXI).	  Therefore,	  the	  effects	  observed	  in	  APP	  processing	  and	  Aβ	  
production	  may	  also	  be	  dependent	  on	  the	  precise	  composition	  and	  orientation	  of	  
APP	  dimers	   (Kienlen-­‐Campard	  et	  al.,	  2008).	   In	   contrast,	   inducing	  dimerization	  of	  
APP	  up	  to	  70%	  of	  total	  protein	  levels	  using	  FKBP/rapamycin	  proteins	  led	  to	  a	  50%	  
reduction	   in	   Aβ	   (Eggert	   et	   al.,	   2009).	   A	   very	   recent	   publication	   showed	   that	  
various	  covalent	  C99	  homodimers	  made	  by	  cross-­‐linking	  of	  engineered	  cysteines	  
were	  not	  anymore	  cleaved	  by	  the	  γ-­‐secretase	  in	  vitro	  (Winkler	  et	  al.,	  2015).	  
Since	  then,	  several	  groups	  gave	  more	  interest	  to	  the	  GXXXA	  motif	  and	  suggested	  
that	  this	  motif,	  rather	  than	  GXXXG	  motifs,	  mediates	  dimerization	  (Gorman	  et	  al.,	  
2008;Nadezhdin	   et	   al.,	   2012;Chen	  et	   al.,	   2014).	  Moreover,	   FAD	  mutation	   in	   this	  
transmembrane	   region	   destabilized	   APP	   dimers,	   increasing	   the	   pool	   of	  
monomeric	  APP	  and	  the	  Aβ42/40	  ratio	  (Gorman	  et	  al.,	  2008).	  More	  recently,	  the	  
APP	  TM	  helix	  appeared	  to	  be	  disrupted	  at	   the	   intracellular	  membrane	  boundary	  
near	   the	   ε-­‐cleavage	   site	   (Fig.20)	   (Sato	   et	   al.,	   2009).	   This	   helix-­‐to-­‐coil	   transition	  
seems	   to	   be	   required	   for	   γ-­‐secretase	   processing	   as	  mutations	   extending	   the	   α-­‐
helix	  inhibited	  ε-­‐cleavage,	  led	  to	  low	  Aβ	  production	  and	  accumulation	  of	  the	  CTFs.	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Further	  investigations	  into	  the	  TMD	  found	  that	  some	  other	  compounds	  could	  bind	  
APP	  GXXXG	  motifs.	  Aβ	  lowering	  NSAIDs	  have	  been	  shown	  to	  bind	  the	  dimerization	  
motif	   (Kukar	   et	   al.,	   2008).	   In	   particular,	   sulindac	   sulfide	   and	   its	   derivatives	  
destabilized	   the	   APP	   TMD	   dimer	   in	   a	   concentration-­‐dependent	   manner,	  
correlating	  with	   lowered	  Aβ	  production	   (Richter	  et	   al.,	   2010).	  On	  another	  hand,	  
heterodimerization	   with	   cholesterol	   by	   these	   same	   motifs	   could	   favor	  
amyloidogenic	   processing	   (Barrett	   et	   al.,	   2012).	   Binding	   to	   cholesterol	   could	  
indeed	  contribute	  to	  amyloidogenesis	  by	  favoring	  the	  partitioning	  of	  APP	  into	  lipid	  
rafts	  that	  contain	  the	  β-­‐	  and	  γ-­‐secretases.	  It	  could	  therefore	  play	  a	  cofactor	  role	  or	  
compete	   with	   α-­‐secretase.	   These	   data	   suggest	   that	   the	   APP	   TMD	   dimerization	  
through	  the	  GXXXG/GXXXA	  motifs	  can	  play	  a	  critical	  role	  in	  the	  generation	  of	  Aβ.	  
One	  major	  concern	  here	  is	  that	  mutation	  of	  GXXXG/GXXXA	  motifs	  may	  also	  affect	  
processing	   independently	   of	   dimerization.	   This	   makes	   quite	   complex	   the	  
interpretation	  of	  GXXXG	  motifs’	  role	  in	  dimerization	  linked	  to	  processing.	  
	  
	  
	  
Fig.20	  Model	   of	   the	   γ-­‐secretase	   cleavage	  mechanism	   on	  
dimeric	  APP	  TMSs.	  
Model	  of	   the	  γ-­‐secretase	   cleavage	  mechanism	  on	  dimeric	  
APP	   TMS.	   Sequential	   γ-­‐secretase	   cleavages	   proceed	   from	  
the	  C-­‐terminal	  to	  the	  N	  terminal.	  The	  ε-­‐	  and	  ζ-­‐cleavage	  are	  
suggested	   to	   occur	   independently	   of	   the	   dimeric	   state	   of	  
the	   protein	   (green).	   Glycines	   G29	   and	   G33	   form	   a	   cross	  
point	   of	   the	   two	   TMS	   helices	   and	   represent	   a	   sterical	  
hindrance	  for	  the	  γ-­‐secretase	  cleavage,	  such	  that	  the	  main	  
final	   cleavages	   occur	   after	   residue	   42/40	   and	   produce	  
Aβ42	   and	   Aβ40	   (orange).	   Following	   cleavages	   generating	  
Aβ38	  and	  Aβ37	  only	  occur	  if	  they	  are	  not	  inhibited	  by	  too	  
tight	  interaction	  of	  the	  dimer	  (red)	  
(From	  Munter	  et	  al.,	  2007).	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2.7 FAD	  mutations	  
The	  mutations	  causing	   inherited	  autosomal	  dominant	  AD	  forms	  are	   located	  on	  3	  
key	  genes:	  APP,	  PSEN1	  and	  PSEN2.	  All	  these	  genes	  are	  involved	  in	  Aβ	  production.	  
The	   majority	   of	   the	   mutations	   is	   localized	   in	   the	   PSEN1	   gene	   (185	   mutations	  
identified	   so	   far)	   and	   increased	   the	   Aβ42/40	   ratio	   (Bentahir	   et	   al.,	   2006).	   33	  
mutations	   have	   been	   characterized	   in	   the	   APP	   gene.	   These	   mutations	   are	  
clustered	  in	  3	  regions	  of	  the	  protein:	  the	  N-­‐terminus	  of	  the	  Aβ	  sequence	  near	  the	  
β-­‐secretase	  cleavage	  site,	  at	  the	   juxtamembrane	  domain	  of	  the	  protein	  near	  the	  
GXXXG/A	  motifs	  and	  around	  the	  γ-­‐site	  (Benilova	  et	  al.,	  2012)	  (Fig.21).	  
	  
	  
	  
	  
Fig.21	  FAD	  APP	  mutations	  on	  the	  TM/JM	  sequence.	  
Sites	   of	   β-­‐secretase	   and	   multiple	   γ-­‐secretase	   cleavages	   in	   APP	   are	   indicated	   by	   arrows,	   the	  
transmembrane	  domain	  of	  the	  protein	  is	  highlighted	  in	  gray.	  FAD	  mutations	  in	  APP	  TM/JM	  regions	  
increase	   the	   total	   Aβ	   production	   (blue),	   alter	   Aβ	   biophysical	   properties	   (black)	   or	   affect	   the	   Aβ	  
quantity	  and	  isoforms	  ratio	  (green)	  (Benilova	  et	  al.,	  2012).	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Mutations	  located	  close	  to	  the	  β-­‐site	  
FAD	  mutations	  clustered	  on	  the	  β-­‐secretase	  cleavage	  site	  impact	  on	  the	  efficiency	  
of	   the	   enzyme	   to	   cleave	   APP	   and	   initiate	   the	   amyloidogenic	   pathway.	   Among	  
these,	   the	   Swedish	   mutation	   (KM670/671NL,	   APP771	   numbering)	   affects	   the	   2	  
residues	  ahead	  of	  the	  β-­‐site	  and	  the	  Aβ	  sequence.	  It	  favors	  the	  processing	  of	  APP	  
at	  this	  site	  and	  increases	  the	  overall	  production	  of	  Aβ	  peptides	  (Haas	  et	  al.,	  1995).	  
Very	  recently,	  Swedish	  mutation	  has	  been	  shown	  to	  reduce	  Aη-­‐α	  level	  by	  a	  strong	  
enhancement	   of	   BACE1-­‐mediated	   APP	   processing	   (Willem	   et	   al.,	   2015).	   2	   other	  
mutations	  are	  located	  2	  amino	  acids	  after	  on	  the	  same	  residue	  (A673R	  and	  A673T,	  
APP771	  numbering;	  A2R	  and	  A2T,	  Aβ	  numbering),	  within	  the	  Aβ	  sequence.	  These	  
showed	   opposites	   effects,	   increasing	   or	   decreasing	   Aβ	   levels	   respectively	   (Di	   et	  
al.,	  2009;Jonsson	  et	  al.,	  2012).	  
	  
Mutations	  located	  at	  the	  juxtamembrane	  region	  
JM	  mutations	  are	  located	  before	  the	  membrane	  boundary,	  a	  few	  residues	  before	  
the	  first	  GXXXG	  motif.	  Among	  these,	  the	  effect	  of	  the	  Flemish	  mutation	  is	  striking	  
(A692G,	  APP771	  numbering;	  A21G,	  Aβ	  numbering).	  This	  FAD	  mutation	   increases	  
the	  production	  of	  both	  Aβ	  40	  and	  42	  species,	  probably	  by	  disrupting	  the	  inhibition	  
properties	   of	   an	   elusive	   inhibitory	   domain	   (Tang	   et	   al.,	   2014;Tian	   et	   al.,	   2010).	  
Other	   mutations	   may	   enhance	   aggregation	   properties	   of	   the	   Aβ	   peptide.	   The	  
Dutch,	   Italian	   and	  Arctic	  mutations	   are	   located	  on	   the	   same	  amino	  acid	   residue	  
(E693Q/K/G	  respectively,	  APP	  numbering;	  E22Q/K/G,	  Aβ	  numbering).	  They	  do	  not	  
appear	   to	   affect	   directly	   Aβ	   production	   but	   rather	   to	   induce	   structural	   changes	  
that	   promote	   depositions	   in	   the	   brain,	   leading	   to	   cerebral	   hemorrhage	   with	  
amyloidosis	   (Wilhelmus	   et	   al.,	   2006;Baumketner	   et	   al.,	   2008;Bugiani	   et	   al.,	  
2010;Basun	  et	  al.,	  2008;Kalimo	  et	  al.,	  2013;Grant	  et	  al.,	  2007).	  Osaka	  mutation	  is	  a	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deletion	   of	   the	   same	   residue	   (E693Δ;	   E22Δ)	   favoring	   oligomerization	   of	   Aβ	  
(Nishitsuji	   et	   al.,	   2009;Tomiyama	   et	   al.,	   2008)	   and	   is	   suggested	   to	   impair	   the	  
cholesterol	  efflux	  in	  the	  cells	  (Nomura	  et	  al.,	  2013).	  
	  
Mutations	  located	  close	  to	  the	  γ-­‐site	  
Many	   mutations	   are	   located	   at	   the	   APP	   γ-­‐cleavage	   site,	   including	   London	   and	  
Indiana	  mutations.	   Both	  mutations	   (V717I	   or	   V717F	   respectively)	   are	   situated	   4	  
amino	   acids	   after	   the	   Aβ42	   sequence	   (Goate	   et	   al.,	   1991;Murrell	   et	   al.,	   1991).	  
They	   have	   the	   common	   property	   to	   increase	   the	   Aβ42/40	   ratio,	   favoring	   Aβ	  
aggregation	   and	   senile	   plaques	   formation	   (McGowan	   et	   al.,	   2005;Tanzi	   and	  
Bertram,	  2005).	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3. The	  β	  amyloid	  peptide	  (Aβ)	  
3.1 Aβ	  heterogeneity	  
Monomeric	   Aβ	   is	   a	   ±4	   kDa	   peptide.	   Aβ	   exists	   as	   a	   heterogeneous	   mixture	   of	  
peptides	   with	   different	   properties	   (size,	   solubility,	   stability,	   biological	   and	   toxic	  
properties).	   This	   difference	   comes	   from	   the	   alternative	   γ-­‐cleavage	   and	   thus	  
heterogeneity	   in	   the	   C-­‐terminal	   end	   of	   the	   peptide.	   The	   major	   Aβ	   isoforms	  
detected	   in	  body	   fluids	   (blood,	  CSF)	  are	   the	  Aβ	  42,	  and	  38	  variants.	  Aβ40	   is	   the	  
main	  isoform	  and	  is	  continuously	  and	  abundantly	  produced	  in	  healthy	  individuals	  
as	  well	  as	  in	  AD	  patients.	  Aβ42	  was	  found	  to	  increase	  in	  FAD	  whereas	  Aβ	  38	  and	  
smaller	   isoforms	   were	   decreased	   (Portelius	   et	   al.,	   2010).	   Increased	   Aβ42/Aβ40	  
ratio	  is	  generally	  considered	  as	  a	  hallmark	  of	  AD	  onset	  and	  progression.	  
Additional	   Aβ	   heterogeneity	   comes	   from	   enzymatic	   activities	   mediated	   by	  
aminopeptidases,	   glutaminylcyclase	   or	   isomerases	   and	   kinases	   (De,	   2010).	   They	  
are	   responsible	   for	   post-­‐translational	   modifications	   in	   the	   N-­‐terminus	   of	   Aβ	  
peptides.	   These	   modifications	   have	   critical	   roles	   in	   the	   regulation	   of	   protein	  
activity.	   A	   variety	   of	   post-­‐translationally	   modified	   variants	   have	   been	  
characterized	   including	   phosphorylation	   (Kumar	   et	   al.,	   2011;Milton,	   2005),	  
truncation	   (Saido	   et	   al.,	   1996;Tekirian	   et	   al.,	   1998;Miravalle	   et	   al.,	   2005),	  
racemization	  (Mori	  et	  al.,	  1994;Tomiyama	  et	  al.,	  1994),	  isomerization	  (Shimizu	  et	  
al.,	   2000),	   pyroglutamination	   (Saido	   et	   al.,	   1995;Kuo	   et	   al.,	   1997)	   and	   oxidation	  
(Dong	   et	   al.,	   2003).	   Aβ	   is	   phosphorylated	   by	   protein	   kinase	  A	   and	   Cdc2	   in	   vitro	  
(Milton,	  2001)	  but	  also	  in	  neurons,	  transgenic	  mice	  and	  AD	  brains	  in	  early	  stages	  
of	   the	   disease	   (Kumar	   et	   al.,	   2011).	   Aβ	   peptide	   is	   phosphorylated	   at	   residues	  
serine	   8	   (Kumar	   et	   al.,	   2011)	   and	   serine	   26	   (Milton,	   2001)	   positions.	  N-­‐terminal	  
truncated	  variants	  of	  Aβ	  beginning	  at	  positions	  3,	  11	  and	  25	  have	  been	  found	  in	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senile	   plaques	   (Tekirian	   et	   al.,	   1998;Miravalle	   et	   al.,	   2005;Guntert	   et	   al.,	  
2006;Miller	  et	  al.,	  2006;Sergeant	  et	  al.,	  2003).	  Aβ	  Racemization	  at	  positions	  7,	  23	  
and	   26	   has	   been	   reported	   in	   human	   brains	   (Mori	   et	   al.,	   1994;Tomiyama	   et	   al.,	  
1994)	  as	  well	  as	  isomerization	  on	  residues	  1,	  7	  and	  23	  (Shimizu	  et	  al.,	  2000).	  Post-­‐
translational	  modifications	  of	  Aβ	  can	  promote	  formation	  of	  aggregates	  (fibrils	  or	  
oligomers)	   as	  well	   as	   degradation	   by	   proteases	   (Fabian	   et	   al.,	   1994;Saito	   et	   al.,	  
2003;Schilling	  et	  al.,	  2006;Kuo	  et	  al.,	  1998).	  
All	  these	  variants	  of	  Aβ	  result	  in	  a	  mix	  of	  more	  than	  20	  different	  forms.	  Qualitative	  
changes	   in	   the	   spectrum	   of	   Aβ	   peptides	   rather	   than	   quantitative	   increases	   of	  
individual	   species	   seem	   to	   define	   their	   pathological	   and	   eventual	   physiological	  
properties.	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3.2 Aβ	  fibrils	  
Discovery	  and	  properties	  
Neuritic	  plaques	  are	  one	  of	  the	  two	  hallmarks	   in	  Alzheimer’s	  disease.	  Around	  50	  
years	  ago,	  Cohen	  and	  Kidd	  revealed	  by	  electron	  microscopy	  that	  amyloid	  plaques	  
were	   composed	   of	   fibrils	   (Cohen	   and	   CALKINS,	   1959;KIDD,	   1964).	   They	   were	  
therefore	  described	  as	   filamentous	  aggregates	  made	  of	  β-­‐amyloid	  peptide.	  Early	  
works	   showed	   that	   Aβ	   can	   be	   aggregated	   in	   solution	   and	   that	   these	   high	  
molecular	   weight	   species	   are	   responsible	   for	   specific	   and	   reversible	   toxicity	   in	  
neuronal	   cultures	   (Pike	   et	   al.,	   1993;Pike	   et	   al.,	   1992).	   A	   link	   between	  
neurodegeneration	  and	  the	  AD	  amyloid	  pathology	  was	  initially	  formulated	  in	  the	  
so-­‐called	  amyloid	  cascade	  hypothesis	  (Hardy,	  1992).	  Research	  rapidly	  focused	  on	  
amyloid	   fibrils	   to	  understand	   their	   formation,	  biologic	  properties	  and	   toxicity.	   In	  
vitro	  but	  also	   in	   vivo	   studies	   regarding	  Aβ	   toxicity	  pointed	  out	   the	  neuronal	   cell	  
death	   induced	   by	   fibrillar	   species,	   directly	   or	   indirectly	   (Mattson,	   1997;Geula	   et	  
al.,	   1998;McKee	   et	   al.,	   1998).	   Moreover,	   fibrillar	   intermediates	   showed	  
instantaneous	  alteration	  of	  the	  electrical	  activity	  in	  rat	  cortical	  neurons	  (Walsh	  et	  
al.,	  1999;Walsh	  et	  al.,	  1997).	  These	  metabolic	  changes	  mediated	  by	  Aβ	  fibrils	  were	  
suggested	   to	  be	   induced	  by	   interaction	  with	   a	   specific	   cell	   surface	   receptor	   (Liu	  
and	  Schubert,	  1997;Liu	  et	  al.,	  1998).	  	  
These	   assemblies	   have	   a	   diameter	   of	   10	   nm	   and	   a	   length	   over	   the	   micron	  
(Fitzpatrick	   et	   al.,	   2013;Knowles	   et	   al.,	   2007).	   Amyloid	   fibrils	   have	   high	   kinetics	  
and	   thermodynamic	   stabilities	   (Baldwin	   et	   al.,	   2011)	   together	   with	   a	   huge	  
resistance	   to	   degradation	   by	   chemical/biological	   agents	   (including	   detergents),	  
temperature	  and	  pH	  (Hartt	  et	  al.,	  2011).	  Recently,	  fundamental	  specific	  properties	  
of	  Aβ	  fibrils	  have	  been	  demonstrated.	  The	  first	  property	  is	  their	  ability	  to	  seed	  and	  
spread	  in	  the	  brain.	  They	  amplify	  and	  propagate	  their	  own	  structures	   in	  a	  prion-­‐
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like	   manner	   by	   recruitment	   of	   additional	   molecules	   from	   their	   surroundings	  
(Tycko,	  2015).	  Self-­‐propagation	  has	  already	  been	  demonstrated	   in	  vitro	  with	   the	  
growth	   of	   seeded	   fibril.	   Fibril	   seeding	   only	   occurs	   when	   concentration	   of	   the	  
protein	  overcomes	   its	  equilibrium	  value	  (Sanders	  et	  al.,	  2014).	   It	   implies	  that	  Aβ	  
concentrations	  are	   saturated	   in	   the	  cellular	  or	  extracellular	  compartment	  where	  
the	   aggregation	   occurs.	   This	   phenomenon	   is	   highly	   sequence	   specific	   and	   Aβ42	  
cannot	   mix	   with	   Aβ40	   to	   seed	   and	   form	   fibrils	   (Lu	   et	   al.,	   2013).	   Fibrils	   can	   be	  
sonicated	   and	   create	   a	   new	   generation	   of	   seeds	   able	   to	   grow	   into	   fibrils	   with	  
similar	  structure.	  In	  agreement	  with	  this,	  phosphorylation	  of	  Aβ	  at	  serine	  8	  (pAβ)	  
has	  been	  shown	  to	  mediate	  the	  peptide	  nucleation.	  Moreover,	   these	  pAβ	  nuclei	  
were	   further	   able	   to	   promote	   in	   vitro	   aggregation	   of	   non-­‐phosphorylated	   Aβ	  
much	  faster	  than	  non-­‐phosphorylated	  peptides	  (Kumar	  et	  al.,	  2011).	  
Indeed,	  fibrils	  can	  have	  different	  inherited	  structures	  between	  patients	  and	  each	  
seed	   can	   propagate	   its	   morphology	   and	   molecular	   structures	   (Kodali	   et	   al.,	  
2010;Petkova	   et	   al.,	   2005).	   This	   second	   property	   of	   fibrils	   is	   the	   polymorphism.	  
Indeed,	   different	   fibrils	   appearances	   between	   AD	   patients	   have	   been	  
characterized	  by	   transmission	  electron	  microscopy.	  Different	   fibril	  morphologies	  
have	   different	   underlying	  molecular	   structures	   and	   their	   predominant	   structure	  
can	   be	   controlled	   by	   subtle	   variations	   in	   growth	   conditions	   (Petkova	   et	   al.,	  
2005;Paravastu	   et	   al.,	   2008).	   Some	   fibrils	   can	   exhibit	   “striated	   ribbon”	   or	  
“twisted”	   morphologies	   and	   each	   molecular	   structure	   can	   propagate	   itself.	   At	  
least	  5	  different	  polymorphisms	  have	  been	  observed	  for	  Aβ40	  fibrils	  (Bertini	  et	  al.,	  
2011;Lu	   et	   al.,	   2013;Fandrich	   et	   al.,	   2009).	   These	   different	   polymorphisms	   can	  
lead	  to	  variations	  in	  clinical	  characteristics	  and	  neuropathology	  (Ashe	  and	  Aguzzi,	  
2013;Guo	  and	  Lee,	  2014).	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Structure	  and	  formation	  of	  Aβ	  fibrils	  
Like	  the	  other	  amyloid	  fibrils,	  Aβ	  fibrils	  have	  a	  cross-­‐β	  structure	  in	  which	  individual	  
β-­‐strands	   are	   packed	   in	   parallel	   and	   oriented	   perpendicular	   to	   the	   fibril	   growth	  
axis	   (Fig.22)	   (Kirschner	   et	   al.,	   1986;Ahmed	   et	   al.,	   2010).	   In	   each	   β-­‐strand,	   the	  
amino	  acids	  are	   in-­‐register	  with	  one	  another	  (Benzinger	  et	  al.,	  1998;Antzutkin	  et	  
al.,	   2000;Torok	   et	   al.,	   2002).	   β-­‐strands	   pack	   in	   β-­‐sheets,	   the	   latter	   assemble	   in	  
protofilaments	   or	   protofibrils	   and	   further	   form	   fibrils	   (Fig.23)	   (Fitzpatrick	   et	   al.,	  
2013).	  
	  
	  
Fig.22	   β-­‐strands	   parallel	   and	   in-­‐register	  
orientation	  in	  Aβ42	  fibrils.	  
Scheme	   of	   the	   parallel	   and	   in-­‐register	  
orientation	  of	  the	  N-­‐	  and	  C-­‐terminal	  β-­‐strands	  
in	   Aβ42	   fibrils.	   The	   2	   Gly37	   are	   packing	   to	  
each	   other	   as	   well	   as	   the	   Ala21,	   with	   the	  
carboxyl	  group	  (CO)	  facing	  the	  Carbon	  α	  (Cα).	  
The	  red	  dashed	   line	  corresponds	  to	  the	  4.7-­‐Å	  
distance	  between	  adjacent	  Ala21	  residues	  and	  
adjacent	   Gly37	   residues	   along	   the	   fibril	   axis	  
(From	  Ahmed	  et	  al.	  2010).	  
	  
	  
	  
	  
	  
Fig.23	  Packing	  of	  β-­‐strands	  in	  fibril	  formation.	  
Hierarchy	   of	   the	   structures	   (from	   secondary	   to	   quaternary)	   for	   Aβ	   packing	   intermediates	   in	   self-­‐
assembly	  into	  fibrils	  (From	  Fitzpatrick	  et	  al.,	  2013).	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Protofibrils	  are	  known	  as	  the	   fibril	   intermediates.	  They	  were	   identified	  a	  decade	  
ago	  and	  described	  as	  beaded	  chains	  that	  have	  a	  diameter	  of	  5	  nm	  (Caughey	  and	  
Lansbury,	   2003).	   The	   length	   of	   those	   structures	   is	   generally	   under	   150	   nm.	   The	  
basic	  unit	  of	  protofibrils	  is	  still	  under	  debates	  but	  lots	  of	  experiments	  suggest	  that	  
pentameric	  or	  hexameric	  Aβ42	  species	  are	  the	  basic	  units	  of	  protofibrils	  (Ahmed	  
et	  al.,	  2010;Bitan	  and	  Teplow,	  2004).	  These	  Aβ	  assemblies	  are	  called	  “paranuclei”	  
and	  are	  likely	  to	  self-­‐associate	  into	  protofibrils.	  	  
Fibrillization	  involves	  two	  separated	  steps	  (Roychaudhuri	  et	  al.,	  2009).	  First,	  a	  slow	  
nucleation	   step	   produces	   a	   “lag	   phase”	   during	   assembly	   monitoring.	   This	   step	  
needs	  the	  Aβ	  monomers	  to	  acquire	  a	  partially	  folded	  conformation	  and	  associate	  
to	   form	   a	   paranucleus.	   Aβ	   exists	   as	   a	   mixture	   of	   many	   conformers	   (in	   its	  
monomeric	  state)	  and	  oligomers.	  Only	  the	  partially	  folded	  conformation	  can	  lead	  
to	   paranuclei,	   the	   “on-­‐pathway”	   assemblies	   that	   make	   fibrils.	   All	   the	   other	  
conformers	   and	   oligomeric	   assemblies	   are	   “off-­‐pathway”,	   they	   are	   not	   able	   to	  
start	   the	   fibrillization	  process.	  After	  nucleation	  of	  monomers,	  paranuclei	  engage	  
the	   fibril	   nucleation	   process.	   Fibril	   nucleation	   is	   unfavorable	   kinetically,	   which	  
explains	  the	  “lag	  phase”	  of	  fibrillogenesis.	  During	  this	  process,	  no	  fibril	  formation	  
is	   apparent	   and	   the	  paranuclei	   self-­‐assemble	   into	   protofibrils.	   This	   nucleation	   is	  
followed	  by	  a	  rapid	  fibril	  elongation	  step	  driving	  the	  maturation	  of	  protofibrils	  by	  
a	  kinetically	  favorable	  process	  (Fig.24).	  	  
The	  conversion	  of	  protofibrils	  to	  fibrils	  involves	  a	  transition	  to	  cross-­‐β-­‐structure,	  a	  
process	   called	   nucleated	   conformational	   conversion.	   Recently	   it	   has	   been	  
demonstrated	   that	   the	  conversion	   involves	  association	  of	   the	  short	  hydrophobic	  
LVFF	  sequence	  with	  the	  hydrophobic	  C-­‐terminus	  of	  Aβ	  (Fu	  et	  al.,	  2015).	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Fig.24	  Aβ	  paranuclei	  formation,	  subunits	  of	  protofibrils	  forming	  fibrils.	  
Aβ	   is	   a	   “natively	  disordered”	  protein,	   existing	   in	   the	  monomer	   state	   as	   an	  equilibrium	  mixture	  of	  
many	   conformers.	   Fibril	   assembly	   requires	   the	   formation	   of	   partially	   folded	   monomers	   able	   to	  
associate	   in	  hexamers	   to	   form	  paranuclei.	  The	  paranuclei	   then	  self-­‐associate	  and	   form	  protofibrils	  
and	   further	   fibrils.	   All	   these	   steps	   have	   their	   proper	   kinetics	   (k).	   Paranucleus	   formation	   step	   is	  
unfavorable	   kinetically	   (k2),	  which	  explains	   the	   lag	  phase	  of	   fibrillogenesis.	  After	   this	   critical	   step,	  
paranuclei	   self-­‐associate	   readily	   (k3)	   to	   form	  protofibrils.	  Protofibrils	  are	   relatively	  narrow	   (5	  nm),	  
short	   and	   flexible	   structures.	   These	   protofibrils	   comprise	   a	   significant	   but	   finite	   number	   (X)	   of	  
paranuclei.	   Maturation	   of	   protofibrils	   through	   a	   kinetically	   favorable	   process	   (k4)	   yields	   classical	  
amyloid-­‐type	   fibrils	   (10-­‐nm	   diameter).	   Other	   assemblies	   pathways	   produce	   oligomeric	   structures	  
appearing	  to	  be	  off-­‐pathway	  assemblies	  to	  fibril	  formation	  (From	  Roychaudhuri	  et	  al.,	  2009).	  
	  
	  
	  
Fu	  et	  al.	  showed	  that	  under	  conditions	  of	  high	  temperatures	  and	  concentrations,	  
Aβ	  and	  more	  precisely	  Aβ42,	  aggregates	  into	  unstructured	  low-­‐molecular	  weight	  
(low-­‐MW)	   oligomers.	   These	   low-­‐MW	   oligomers	   are	   able	   to	   either	   directly	   form	  
fibrils	  or	   further	  stack	   into	  high-­‐molecular	  weight	   (high-­‐MW)	  oligomers	  that	  also	  
associate	  in	  fibrils	  (Fig.25A).	  The	  oligomeric	  assemblies	  associate	  laterally	  to	  form	  
protofibrils.	   During	   this	   irreversible	   phase,	   the	   nucleated	   conformational	  
conversion	   occurs.	   It	   starts	   with	   the	   formation	   of	   an	   anti-­‐parallel	   β-­‐hairpin	  
structure	  stabilized	  by	  intra-­‐molecular	  bonds.	  The	  last	  step	  involves	  association	  of	  
the	  β-­‐hairpins	  into	  a	  cross	  β-­‐sheet	  structure	  that	  contains	  parallel	  and	  in-­‐register	  
β-­‐strands	  forming	  inter-­‐molecular	  bonds	  (Fig.25B).	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Fig.25	  Nucleated	  conformational	  conversion	  and	  formation	  of	  Aβ	  fibrils)	  
(A)	  Unstructured	  Aβ42	  monomers	  associate	   in	   low-­‐molecular	  weight	  (low-­‐MW)	  oligomers	  that	  can	  
further	  combine	  into	  high-­‐molecular	  weight	  (high-­‐MW)	  oligomers.	  Both	  oligomeric	  forms	  are	  able	  to	  
associate	   laterally	   to	   form	   fibrils.	   (B)	  Nucleated	   conformational	   conversion	   involves	   conversion	   of	  
anti-­‐parallel	  β-­‐hairpin	   structure	   to	  β-­‐sheet	   secondary	   structure.	   Intra-­‐molecular	  hydrogen	  bonding	  
stabilizes	  the	  anti-­‐parallel	  β-­‐strand	  in	  the	  β-­‐hairpin.	  Rotation	  of	  these	  β-­‐strands	  allows	  the	  formation	  
of	   inter-­‐molecular	   hydrogen	   bonds,	  which	   nucleates	   β-­‐sheet	   secondary	   structure	   (From	   Fu	   et	   al.,	  
2015	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Molecular	  structure	  of	  Aβ	  monomers	  in	  the	  fibril	  
The	  structure	  of	  the	  1-­‐10	  residues	  in	  the	  N-­‐terminal	  part	  is	  still	  under	  debate.	  First	  
Aβ	   was	   thought	   to	   be	   unstructured	   until	   residue	   10	   for	   Aβ40	   and	   17	   for	   Aβ42	  
(Olofsson	  et	  al.,	  2006;Luhrs	  et	  al.,	  2005;Tycko,	  2006).	  But	  Ahmed	  et	  al.	  observed	  
contacts	  between	  Gln15-­‐Gly37	  and	  His13-­‐Gln15	  suggesting	  that	  the	  N-­‐terminal	  β-­‐
strand	  starts	  at	   least	  at	  residue	  13	  showing	  that	   in	  the	  case	  of	  Aβ42	  the	  first	  10,	  
rather	  than	  17,	  N-­‐terminal	  residues	  are	  unstructured	  (Ahmed	  et	  al.,	  2010)	  (Fig.26).	  
Residues	   11-­‐40	   form	   two	  β-­‐strand	   regions	   fold	   into	   a	   β-­‐strand-­‐turn-­‐β-­‐strand	   (β-­‐
turn-­‐β)	   conformation.	   A	   salt	   bridge	   between	   Asp23	   and	   Lys28	   is	   stabilizing	   the	  
turn	   region	   connecting	   the	   β-­‐strands	   (Finder	   and	   Glockshuber,	   2007).	   NMR	  
studies	   have	   suggested	   that	   the	   C-­‐terminal	   β-­‐strand	   bends	   at	   Gly37-­‐Gly38	   to	  
allow	  Ala42	  to	  contact	  the	  side	  chain	  of	  Met35	  (Ahmed	  et	  al.,	  2010;Masuda	  et	  al.,	  
2008).	  
There	   are	   still	   a	   lot	   of	   differences	   among	   all	   the	   studies	   evidencing	   Aβ	   fibril	  
structure.	  They	  are	   likely	  resulting	   from	  examination	  of	  different	  peptides	   (Aβ40	  
versus	   Aβ42),	   experimental	   conditions	   under	   which	   the	   fibrils	   were	   allowed	   to	  
form,	  post-­‐translational	  modifications	  or	  oxidation	  of	  Met35	  side	  chain.	  Recently,	  
it	  has	  been	  shown	  that	  phosphorylation	  on	  Ser26	  interferes	  with	  formation	  of	  the	  
salt	  bridge	  between	  Asp23	  and	  Lys28	  (Rezaei-­‐Ghaleh	  et	  al.,	  2014).	  Furthermore,	  a	  
strong	   negative	   correlation	   has	   been	   shown	   between	   oxidative	   damage	   and	  Aβ	  
deposition.	   Oxidation	   reduced	   fibril	   formation	   rate	   and	   alters	   fibril	   morphology	  
(Butterfield,	   2003).	   Indeed,	   oxidation	   of	  Met35	   introduces	   a	   sulfone	   group	   and	  
changes	   the	   polarity	   of	   Aβ	   subunits.	   Although	   it	   has	   no	   real	   effect	   on	   Aβ40	  
oligomerization,	   Aβ42	   paranucleus	   formation	   was	   abolished	   (Bitan	   and	   Teplow,	  
2004;Finder	   and	   Glockshuber,	   2007).	   It	   underlined	   the	   complexity	   of	   the	  
mechanism	   involved	   in	   misfolding;	   oligomerization	   and	   further	   nucleation	   and	  
fibrillization	  of	  Aβ.	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Fig.26	  Molecular	  structure	  of	  Aβ	  monomers	  and	  fibrils.	  
Left	  scheme:	  Schematic	  representation	  of	  the	  hairpin	  β-­‐strands	  monomer	  of	  Aβ	  within	  Aβ42	  fibrils.	  
Blue	   dashed	   lines	   represent	   molecular	   contacts	   between	   amino	   acids	   and	   green	   residues	   are	  
implicated	   in	  hydrophobic	   interactions.	  N-­‐terminal	   (N)	  and	  C-­‐terminal	   (C)	  parts	  are	  also	   indicated.	  
Right	   scheme:	   Schematic	   representation	   of	   a	   single	   protofilament	   and	   the	   parallel	   and	   in-­‐register	  
packing	  and	  staggering	  of	   individual	  β-­‐strands.	  Mature	  fibrils	  may	  be	  formed	  by	  the	  association	  of	  
two	  or	  three	  protofilaments	  (From	  Ahmed	  et	  al.,	  2010).	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Role	  of	  GXXXG	  motifs	  in	  Aβ	  fibrils	  formation	  	  
GXXXG	  motifs	  within	  a	  hydrophobic	  amino-­‐acid	  sequence	  are	  frequent	  in	  peptides	  
with	   fibrillogenic	   properties	   derived	   from	   transmembrane	   α-­‐helices	   (Liu	   et	   al.,	  
2005a).	  Parallel	  orientations	  of	  individual	  β-­‐strands	  within	  β-­‐sheets	  together	  with	  
in-­‐register	   amino	   acids	   make	   the	   glycines	   forming	   notches	   and	   grooves	   at	   the	  
surface	   of	   the	   β-­‐sheet.	   If	   they	   face	   large	   amino	   acids	   side	   chains	   forming	  
complementary	  molecular	  ridges,	   they	  highly	  stabilize	  sheet-­‐to-­‐sheet	  packing.	  β-­‐
sheets	   containing	   glycine	   residues	   are	   flattened	   due	   to	   the	   lack	   of	   side	   chain	  
chirality.	  They	  can	  therefore	  pack	  all	  together	  to	  make	  large	  assemblies	  and	  build	  
fibrils.	  The	  association	  of	  parallel	  and	   in-­‐register	  β-­‐strands	  has	  been	  observed	   in	  
Aβ40	  as	  well	  as	   in	  Aβ42	  fibrils	  associated	  with	  Alzheimer’s	  disease	  (Benzinger	  et	  
al.,	  1998;Antzutkin	  et	  al.,	  2000;Torok	  et	  al.,	  2002).	  
Interestingly,	   glycine	   rich	   sequences	   are	   found	   in	   fibrillogenic	   regions	   of	   several	  
proteins	  involved	  in	  human	  degenerative	  diseases	  like	  the	  Prion	  protein	  or	  alpha-­‐
synuclein	   (Fig.27).	   The	   Prion	   protein	   (PrP)	   is	   involved	   in	   the	   transmissible	  
spongiform	  encephalopathy.	  This	  protein	  possesses	  three	  GXXXG	  motifs	   in	  an	  α-­‐
helical	  structure	  (Hegde	  et	  al.,	  1998).	   In	  the	  disease,	  the	  PrP	  adopt	  a	  pathogenic	  
alternative	   folding	   called	   «	  scrapie	  »	   (PrPsc)	   that	   converts	   from	   α-­‐helical	   to	   β-­‐
strand	   structure,	   forming	   insoluble	   plaques	   in	   the	   brain	   (Cohen	   and	   Prusiner,	  
1998).	  A	   third	  neurodegenerative	  disease	   is	  Parkinson	  disease.	   It	   involves	   the	  α-­‐
synuclein	   protein,	   which	   also	   have	   a	   GXXXG-­‐like	  motif	   (GXXXA)	   and	   form	   fibrils	  
with	   β-­‐sheet	   secondary	   structures	   (Kessler	   et	   al.,	   2003).	   Aβ	   possess	   three	   in-­‐
register	  GXXXG	  motifs.	  In	  fibrils,	  the	  first	  GXXXG	  motif	  is	  contained	  in	  a	  sequence	  
of	   polar	   amino	   acid	   and	   is	   thought	   to	   be	   part	   of	   a	   β-­‐hairpin	   structure.	   The	   two	  
others	   are	   part	   of	   a	   long	   hydrophobic	   sequence	   and	   are	   therefore	   part	   of	   the	  
extended	  β-­‐sheet	  structure.	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Fig.27	   Aβ	   sequence	   homologies	  
with	   proteins	   involved	   in	  
neurodegenerative	  diseases.	  
GXXXG	   (red)	   and	   GXXXA	   (yellow)	  
motifs	   comprises	   in	   the	   sequences	  
of	   Aβ,	   the	   prion	   protein	   and	   α-­‐
synuclein	  (Modified	  from	  Sato	  et	  al.,	  
2006).	  
	  
	  
	  
Packing	  of	  Aβ	  peptides	  in	  fibrils	  involves	  contact	  of	  glycines	  from	  different	  GXXXG	  
motifs	  with	  side	  chain	  of	  methionine	  35	  (Sato	  et	  al.,	  2006).	  When	  APP	  is	  cleaved,	  
Aβ	  40	   and	  42	   are	  no	   longer	   stable	   as	  α-­‐helices	   in	   the	  membrane.	   They	   adopt	   a	  
new	   secondary	   hairpin	   conformation	   stabilized	   by	   the	   GXXXG	   motifs	   and	   then	  
pack	  with	  other	  subunits	  to	  form	  amyloid	  fibrils.	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Differences	  between	  Aβ	  40	  and	  42	  in	  fibrils	  
Under	  physiological	  conditions,	  Aβ40	  is	  the	  major	  isoform	  produced	  in	  the	  cells.	  In	  
Alzheimer’s	   disease,	   the	   42-­‐residues	   isoform	   is	   predominant	   in	   neuritic	   plaques	  
(Roher	  et	  al.,	  1993).	  The	  question	  of	  how	  a	  two	  amino-­‐acids	  difference	  can	  have	  
such	  a	  dramatic	  impact	  on	  toxicity	  and	  related	  structural	  properties	  has	  not	  been	  
answered	   so	   far.	   It	   has	   been	   shown	   that	   Aβ42	   has	   a	   higher	   ability	   to	   form	  
aggregates	   than	   Aβ40	   (Jarrett	   et	   al.,	   1993;Burdick	   et	   al.,	   1992).	   Aβ42	   can	   in	  
particular	  more	  easily	  form	  pentameric	  or	  hexameric	  paranuclei	  that	  could	  be	  the	  
constituent	   of	   protofibrils	   (Bitan	   et	   al.,	   2003a;Bitan	   et	   al.,	   2003b).	   Aβ40	   would	  
rather	   associate	   in	   tetramers	   that	   eventually	   form	   fibrils,	   without	   forming	  
paranuclei	  (Fig.28)	  (Bernstein	  et	  al.,	  2009).	  Mutation	  of	  Aβ42	  two	  last	  amino	  acids	  
disrupted	   its	  structure	  and	  reduces	  toxicity	   (Morimoto	  et	  al.,	  2004).	  But	  proline-­‐
scanning	   mutagenesis	   of	   Aβ40	   showed	   no	   striking	   importance	   of	   C-­‐terminal	  
residues	  for	  the	  fibrillization	  process	  (Williams	  et	  al.,	  2006).	  
	  
Fig.28	  Model	  proposed	  by	  Bernstein	  et	  al.	  for	  the	  mechanisms	  regulating	  oligomerization	  and	  fibril	  
formation	  for	  Aβ42	  and	  Aβ40.	  
For	  Aβ40	  (lower	  scheme)	  the	  key	  structure	  is	  tetrameric,	  it	  resists	  to	  further	  subunits	  addition.	  The	  
tetramers	  could	  maybe	  form	  fibrils	  in	  very	  slow	  kinetics.	  In	  Aβ42	  (upper	  scheme),	  an	  ‘open’	  tetramer	  
structure	  promotes	  the	  formation	  of	  planar	  hexamers	  (paranuclei)	  and	  stacked	  dodecamers.	  Then	  a	  
slow	  transformation	   from	  α-­‐	   to	  β-­‐sheet	  may	  occur	   for	   the	  dodecamer.	   In	  a	  β-­‐sheet	  conformation,	  
Aβ42	  dodecamers	  rapidly	  associate	  in	  protofibrils	  and	  fibrils	  (Bernstein	  et	  al.,	  2009).	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Sato	   et	   al.	   have	   shown	   that	   these	   2	   amino	   acids	   can	   dramatically	   change	   fibril	  
stabilization.	   They	   are	   intimately	   involved	   in	   subunit-­‐subunit	   fibril	   interface	   as	  
they	   increase	   hydrophobic	   interface	   between	   Aβ	   protofilaments.	   Moreover,	  
although	  they	  have	  both	  parallel	  β-­‐strand	  orientation	  and	  in-­‐register	  amino	  acids,	  
Aβ	  40	  and	  42	  have	  two	  different	  protofibril	  structures.	  Aβ40	  can	  form	  protofibrils,	  
involving	  alignment	  of	  Met35	  with	  Gly33	  (Sato	  et	  al.,	  2006).	   In	  Aβ42	  protofibrils,	  
Met35	   forms	   contact	   with	   Gly37	   and	   sheet-­‐to-­‐sheet	   packing	   between	  
protofilament	   subunits	   is	   displaced	   by	   one	   groove	   in	   the	   surface	   (Brunelle	   and	  
Rauk,	   2002).	   This	   conformation	   strengthens	   amyloid	   fibrils	   packing	   and	   toxicity	  
(Fig.29).	   Aβ40	   assemblies	   are	   more	   compact	   than	   Aβ42’s,	   due	   to	   increased	  
conformational	   freedom	   of	   the	   Aβ42	   N-­‐terminal	   part.	   This	   suggests	   also	   that	  
intermolecular	   interactions	   in	   Aβ42	   N-­‐ter	   facilitate	   the	   interactions	   that	   are	  
mandatory	  for	  fibril	  formation	  (Urbanc	  et	  al.,	  2004).	  	  
	  
	  
	  	  	  	  	   	   	  	  	  	  	  	  	  	  	  	  	   	  
	  
Fig.29	  	   	  	  	  (A)	  Aβ40	  fibrils	   	   	   	   	   	  	  (B)	  Aβ42	  fibrils	  	  
Structural	  model	  proposed	  by	  Sato	  et	  al.	  of	  the	  Aβ	  fibril	  (only	  residues	  17	  to	  40	  of	  Aβ	  monomers).	  
The	  protofilament	  subunits	  were	  docked	  with	  opposite	  orientations	  to	  satisfy	  structural	  and	  minimal	  
energy	  constraints	  with	  standard	  methods.	  (A)	  Aβ40	  fibrils.	  The	  solid-­‐state	  NMR	  depicted	  contacts	  
between	  Met35	  and	  Gly33.	  (B)	  Aβ42	  fibrils.	  Solid-­‐state	  NMR	  depicted	  contacts	  between	  Met35	  and	  
Gly37	  (Sato	  et	  al.,	  2006).	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From	  fibrils	  to	  oligomers	  hypothesis	  in	  AD	  
Fibrils	  were	  initially	  considered	  as	  prime	  candidates	  to	  trigger	  neurodegeneration	  
in	   Alzheimer’s	   disease.	   But	   rapidly,	   a	   fly	   in	   the	   ointment	   appeared.	   More	   and	  
more	  evidence	  showed	   that	   there	  was	  a	  poor	  correlation	  between	  the	  amounts	  
and	   distribution	   of	   fibrils	   and	   the	   clinical	   status	   of	   Alzheimer’s	   disease	   patients	  
(Terry	  et	  al.,	  1991).	  If	  one	  study	  suggested	  that	  APP	  FAD	  transgenic	  mice	  develop	  
the	   typical	   neuritic	   plaques	   together	   with	   neuronal	   loss,	   two	   other	   studies	  
showed	   no	   significant	   loss	   despite	   extensive	   Aβ	   deposits	   (Irizarry	   et	   al.,	  
2001b;Irizarry	  et	  al.,	  1997).	  Conjointly,	  seminal	  studies	  described	  transgenic	  mice	  
already	   displaying	   neurological	   deficits	   prior	   to	   fibril	   plaques	   formation	   (Hsia	   et	  
al.,	  1999;Mucke	  et	  al.,	  2000).	  Some	  authors	  suggested	   that	   fibrils	   could	  even	  be	  
neuroprotective	   (Castellani	   et	   al.,	   2009).	   In	   all	   these	   cases	   and	   despite	   all	  
information	  setting	  Aβ	  as	  first	  actor	  in	  the	  pathogenesis	  of	  AD,	  there	  is	  still	  a	  lack	  
of	  evidence	  that	  fibrillar	  species	  trigger	  the	  disease.	  	  
At	   the	   same	   time,	   it	   became	   clear	   that	   Aβ	   assemblies	   were	   a	   more	   complex	  
process.	   The	   relationship	   between	   soluble	   oligomers	   and	   fibrils	   has	   remained	  
elusive.	  Fu	  et	  al.	  showed	  that	   low-­‐MW	  and	  high-­‐MW	  oligomers	  are	  both	  able	  to	  
associate	   into	   fibrils	   (Fu	   et	   al.,	   2015).	   Some	   studies	   suggested	   that	   oligomers	  
result	   from	   several	   aggregation	   events	   that	   are	   either	   «	  on-­‐pathway	  »	   or	   «	  off-­‐
pathway	  »	  for	  fibril	  formation,	  and	  that	  these	  2	  come	  from	  independent	  pathways	  
(Schnabel,	   2011).	   Non-­‐fibrillar	   oligomeric	   species	   were	   discovered,	   their	  
concentration	  rather	  than	  fibril	  load	  correlated	  precisely	  with	  functional	  deficits	  in	  
Alzheimer’s	  disease	  (Lesne	  et	  al.,	  2006;Chen	  et	  al.,	  2011).	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3.3 Aβ	  oligomers	  
History	  and	  properties	  
In	   APP	   transgenic	  mice,	   there	   is	   strong	   evidence	   for	   the	   responsibility	   of	   Aβ	   in	  
age-­‐related	  cognitive	  decline	  (Westerman	  et	  al.,	  2002;Janus	  et	  al.,	  2000).	  The	  role	  
of	   Aβ	   in	   cognitive	   impairment	   is	   complex	   and	   could	   not	   be	   explained	   by	   fibrils.	  
Soluble	   Aβ	   assemblies	   were	   identified	   in	   these	   transgenic	   mice	   corresponding	  
with	   the	   timescale	   for	   memory	   decline	   (Lesne	   et	   al.,	   2006).	   These	   Aβ	   species	  
disrupted	  memory	   upon	   administration	   to	   young	   rats.	   They	  were	   coined	  Aβ*56	  
for	   their	   56	   kDa	   molecular	   weight.	   In	   the	   meantime,	   more	   and	   more	   studies	  
highlighted	   different	   Aβ	   oligomeric	   species,	   each	   disturbing	   neurotransmission	  
and	   triggering	   cell	   death	   in	   vitro	   and	   in	   vivo	   (Lambert	   et	   al.,	   1998;Walsh	   et	   al.,	  
2002).	  Several	  groups	  extracted	  soluble	  Aβ	  oligomers	  from	  patients’	  brains.	  They	  
were	   intimately	   correlated	   to	   disease’s	   symptoms	   (McDonald	   et	   al.,	   2010).	  
Moreover,	  several	  APP	  FAD	  mutations	   increased	  the	  tendency	  of	  mutated	  Aβ	  to	  
oligomerize	  (Nilsberth	  et	  al.,	  2001;Tomiyama	  et	  al.,	  2008).	  These	  oligomers	  range	  
from	  dimers	  to	  dodecamers	  and	  higher	  molecular	  weight	  oligomers.	  
There	  is	  nevertheless	  no	  strong	  agreement	  on	  which	  oligomeric	  form	  is	  the	  most	  
relevant	   for	   the	   pathology	   (Benilova	   et	   al.,	   2012).	   Interestingly,	   almost	   all	   Aβ	  
oligomeric	   species	   showed	   neurotoxicity	   and	   disruption	   of	   synaptic	   plasticity,	  
either	   by	   inhibition	   of	   long-­‐term	   potentiation	   (LTP)	   or	   facilitation	   of	   long-­‐term	  
depression	   (LTD).	   Synthetic	   oligomers	   have	   been	   shown	   to	   alter	   LTP	   in	   vitro	  
(Lambert	  et	  al.,	  1998).	  Afterwards,	   injection	  of	  purified	  endogenous	  oligomers	  in	  
rats	   triggered	   similar	   effects	   (Walsh	   et	   al.,	   2002).	   Long-­‐term	  depression	   (LTD)	   is	  
enhanced	   upon	   accumulation	   of	   oligomers	   in	   the	   hippocampus	   CA1	   region	   of	  
mouse	   brain	   slices	   (Li	   et	   al.,	   2009).	   Same	   dimeric	   and	   trimeric	   Aβ	   species	   also	  
affected	   behavioral	   tasks	   in	   rats	   (Cleary	   et	   al.,	   2005).	   Mechanisms	   are	   still	   not	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known	   but	   Aβ	   oligomers-­‐mediated	   alteration	   of	   LTP/LTD	   could	   be	   related	   to	   a	  
plenty	   of	   cellular	   responses.	   Suggested	   mechanisms	   are	   activation	   of	  
neurotransmitter	   receptors	  mGluR	  or	  NMDAR	  (Li	  et	  al.,	  2009),	   cellular	  pathways	  
involving	   calcineurin	   (Wu	  et	   al.,	   2010),	   caspase-­‐3	   and	  GSK3β	   (Jo	   et	   al.,	   2011)	  or	  
even	  action	  on	  Tau	  proteins	  (Li	  et	  al.,	  2009).	  Subtle	  alterations	  of	  synaptic	  activity	  
associated	   with	   the	   early	   cognition	   problems	   faced	   by	   people	   with	   Alzheimer’s	  
disease.	   Finally,	   oligomeric	   Aβ	  were	   shown	   numerous	   times	   to	   interact	   directly	  
with	   phospholipid	   bilayers.	   Aβ	   oligomers	   were	   reported	   to	   insert	   in	   cellular	  
membranes	   and	   form	  β-­‐barrels	   or	   cation	   channels	   to	  dysregulate	   calcium	   levels	  
and	  mitochondrial	   function	   (Arispe	   et	   al.,	   2007;Arispe	   et	   al.,	   1993;Caughey	   and	  
Lansbury,	  2003;Laganowsky	  et	  al.,	  2012).	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Different	  types	  of	  oligomeric	  species	  
In	   the	   brain,	   Aβ	   can	   be	   present	   as	   a	   mix	   of	   different	   oligomeric	   forms.	  
Assignments	   are	   complex	   but	   there	   are	   two	   kinds	   of	   commonly	   used	  
classifications.	   Oligomers	   can	   be	   separated	   in	   two	   groups:	   ex	   vivo	   and	   in	   vitro	  
oligomers.	   There	   are	   several	   ex	   vivo	   brain-­‐derived	   oligomeric	   species,	   the	  most	  
relevant	   being	   the	   Aβ	   dimers/trimers,	   Aβ*56	   (Lesne	   et	   al.,	   2006;Shankar	   et	   al.,	  
2009)	   and	   amylospheroids	   (Hoshi	   et	   al.,	   2003).	   The	   other	   described	   oligomeric	  
forms	  were	  aggregated	  in	  vitro,	  the	  most	  widely	  studied	  being	  ADDLs	  (Lambert	  et	  
al.,	  1998),	  globulomers	  (Barghorn	  et	  al.,	  2005)	  and	  annular	  protofibrils	  (Lashuel	  et	  
al.,	   2002a).	   Oligomers	   can	   also	   be	   separated	   according	   to	   their	   structure.	  
Conformation-­‐dependent	  antibodies	  were	  developed.	  They	  specifically	  distinguish	  
amyloid	  fibrils	  and	  prefibrillar	  oligomers.	  These	  antibodies	  bind	  general	  epitopes	  
associated	   with	   specific	   aggregation	   states,	   regardless	   of	   the	   amino	   acids	  
sequence.	   A11	   antibody	   recognizes	   prefibrillar	   oligomers.	   They	   are	   soluble	  
oligomers	   that	   did	   not	   display	   any	   fibrillar	   structure	   (Glabe,	   2008).	   On	   the	  
opposite,	   the	   OC	   antibody	   recognizes	   specifically	   fibrils	   and	   fibrillar	   structured	  
oligomers	  (fibrillar	  oligomers).	  Aβ	  soluble	  assemblies	  can	  therefore	  be	  classified	  in	  
two	   other	   groups:	   fibrillar	   oligomers	   (OC+/A11-­‐)	   and	   prefibrillar	   oligomers	  
(A11+/OC-­‐).	  
	  
1. Dimers	  and	  trimers	  
These	  low	  molecular	  weight	  species	  were	  discovered	  from	  brain	  extracts	  
fractionation	   by	   non-­‐denaturating	   size	   exclusion	   chromatography	   and	  
correlated	   well	   with	   synaptotoxicity	   (Shankar	   et	   al.,	   2009).	   They	   were	  
described	  as	  the	  minimal	  toxic	  species	  in	  vivo	  but	  a	  grey	  zone	  remained	  
as	   whether	   the	   toxicity	   was	   directly	   caused	   by	   the	   dimers	   themselves	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(Benilova	  et	  al.,	  2012).	  The	  conformation	  of	  these	  species	  is	  not	  clear	  yet	  
but	  the	  A11	  antibody	  did	  not	  recognize	  them.	  Despite,	  they	  were	  shown	  
to	  rapidly	  aggregate	  into	  stable	  fibrils	  (O'Nuallain	  et	  al.,	  2010).	  	  
2. Aβ*56	  
These	   assemblies	   have	   an	   apparent	   molecular	   weight	   of	   56	   kDa	  
corresponding	  to	  dodecamers.	  They	  were	  found	  in	  transgenic	  mice	  and	  
patient	   brains,	   where	   they	   correlated	   with	   cognitive	   decline	   (Lesne	   et	  
al.,	   2006).	   They	   are	   prefibrillar	   assemblies	   recognized	   by	   the	   A11	  
antibody.	   An	   important	   point	   to	   note	   is	   that	   detergents	   used	   in	   the	  
extraction	   buffer	   (SDS)	   could	   promote	   non-­‐physiological	   aggregation	  
(Bitan	   et	   al.,	   2005).	  Whether	   these	  oligomers	   form	  as	   such	   in	   vivo	   has	  
thus	   to	  be	   firmly	  established.	  Aβ*56	   induced	  concentration-­‐dependent	  
cognitive	  impairment	  whereas	  trimers	  from	  Tg2576	  mouse	  brain	  did	  not	  
(Reed	  et	  al.,	  2011).	  
3. Amylospheroids	  (ASPDs)	  
Larger	  Aβ	  structures	  have	  been	   isolated	  from	  AD	  brain	  tissue.	  They	  are	  
highly	   toxic	   spherical	   Aβ	   assemblies	   of	   10-­‐15	   nm	   (Noguchi	   et	   al.,	  
2009;Matsumura	   et	   al.,	   2011).	   Interestingly,	   they	  were	   not	   recognized	  
by	  the	  A11	  antibody	  and	  were	  described	  to	  be	  a	  parallel	  off-­‐pathway	  to	  
fibrils	  (Lacor	  et	  al.,	  2007;Matsumura	  et	  al.,	  2011).	  Studies	  revealed	  that	  
the	   most	   toxic	   ASPDs	   must	   be	   128	   kDa	   32-­‐mers.	   Their	   concentration	  
correlated	  with	   the	   pathological	   severity	   of	   AD	   (Noguchi	   et	   al.,	   2009).	  
They	   showed	   high	   toxicity	   and	   activated	   tau	   protein	   kinase	   I/GSK3β	  
(Hoshi	  et	  al.,	  2003).	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4. ADDLs	  
Amyloid-­‐β	   derived	   diffusible	   ligands	   (ADDLs)	   are	   assemblies	   ranging	  
from	  trimers,	  tetramers	  to	  dodecamers	  (Lambert	  et	  al.,	  2001).	  They	  are	  
formed	   in	   vitro	   by	   24	   hours	   incubation	   of	   synthetic	   Aβ42	   in	   culture	  
medium	   (Lambert	   et	   al.,	   1998).	   They	   are	   A11	   positive	   and	   were	  
described	   off-­‐pathway,	   classified	   with	   prefibrillar	   oligomers.	   They	   are	  
formed	   at	   low	   doses,	   inhibited	   LTP	   and	   specifically	   fixed	   neurons	  
synaptic	   terminals	   (Lacor	   et	   al.,	   2004;Wang	   et	   al.,	   2004).	   Similar	  
oligomers	   were	   found	   in	   cerebrospinal	   fluid	   and	   AD	   brain,	   showing	  
equivalent	   properties	   to	   synthetic	   oligomers	   (Georganopoulou	   et	   al.,	  
2005;Gong	   et	   al.,	   2003).	   They	   showed	   the	   ability	   to	   attach	   dendritic	  
surfaces	  in	  small	  clusters	  with	  ligand-­‐like	  specificity	  (Gong	  et	  al.,	  2003).	  
5. Globulomers	  
These	   assemblies	   are	   highly	   stable	   dodecamers,	   the	   synthetic	  
counterpart	   of	   Aβ*56.	   They	   were	   formed	   in	   vitro	   after	   dilution	   and	  
incubation	  in	  specific	  solvents	  containing	  SDS	  or	  fatty	  acids	  (Barghorn	  et	  
al.,	   2005).	   Globulomers	   migrate	   at	   38-­‐48	   kDa	   on	   SDS	   gels.	   They	   were	  
shown	  to	  alter	  synaptic	  activity	  by	  inhibition	  of	  calcium	  current	  through	  
binding	  to	  neurons	  in	  an	  age-­‐dependent	  fashion	  (Nimmrich	  et	  al.,	  2008).	  
Finally	  they	  were	  detected	   in	  AD	  brains	  and	  demonstrated	  off-­‐pathway	  
by	  specific	  antibodies	  (Barghorn	  et	  al.,	  2005;Gellermann	  et	  al.,	  2008).	  
6. Annular	  protofibrils	  (APFs)	  
They	   are	   composed	   by	   hexamers	   (maybe	   paranuclei).	   APFs	   are	   stable,	  
A11	  positives	  and	  generated	  in	  a	  completely	  independent	  pathway	  from	  
Aβ	   fibril	   formation	   (off-­‐pathway)	   (Lasagna-­‐Reeves	  et	  al.,	  2011;Kayed	  et	  
al.,	   2009).	   During	   in	   vitro	   incubation,	   Aβ	   starts	   forming	   oligomers	   at	  
early	  times.	  After	  a	  while,	  it	  forms	  protofibrils	  and	  ring-­‐shaped	  pore-­‐like	  
CHAPTER	  I:	  Introduction	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  3.	  The	  β	  amyloid	  peptide	  (Aβ)	  
104	  
structures	   referred	   as	   the	   annular	   protofibrils	   (Lashuel	   et	   al.,	   2002b).	  
They	   were	   formed	   by	   circularization	   of	   prefibrillar	   oligomeric	   species.	  
APFs	   were	   consistent	   with	   similar	   species	   observed	   in	   many	   amyloid	  
diseases	   although	   their	   proper	   contribution	   to	   pathogenesis	   was	   not	  
clear	   (Lashuel	  and	  Lansbury,	   Jr.,	  2006).	  They	  were	  also	  proposed	  to	  act	  
like	   β-­‐barrel	   pore-­‐forming	   toxins	   that	   permeabilize	   membranes	   (The	  
amyloid	  pore	  hypothesis).	  Recently	  they	  were	  described	  in	  human	  brain	  
tissues	   (Lasagna-­‐Reeves	  et	  al.,	  2011).	  This	  have	  been	  supported	  by	   the	  
model	   from	   Shafrir	   et	   al.	   describing	   a	   155	   kDa	   36-­‐stranded	   β-­‐barrel	  
forming	  transmembrane	  cation-­‐selective	  channel	  (Shafrir	  et	  al.,	  2010).	  
It	   is	   important	  to	  consider	  whether	  the	  oligomers	  formed	  in	  vitro	  are	  relevant	  to	  
the	  pathology.	   In	  vitro	  assemblies	  do	  not	  produce	  homogenous	  preparations	  but	  
rather	   mixtures	   of	   different	   oligomeric	   species	   in	   equilibrium	   (Hayden	   and	  
Teplow,	   2013).	   Moreover,	   synthetic	   oligomers	   did	   not	   show	   the	   same	   potency	  
than	  physiologically	  produced	  oligomers	  (Finder,	  2010),	  they	  only	  caused	  toxicity	  
at	   much	   higher	   levels.	   Aβ	   oligomers	   may	   structure	   and	   assemble	   differently	   in	  
cellular	   environments	   than	   in	   solution	   and	   maybe	   undergo	   further	   post-­‐
translational	  modifications.	  However,	  the	  asset	  of	  studying	  synthetic	  oligomers	  is	  
their	   purity.	   The	   consequent	   effects	   are	   directly	   attributable	   to	   the	   oligomers	  
described	  and	  not	  to	  contaminating	  factors	  present	  in	  the	  cellular,	  tissue	  or	  body	  
fluids	  samples.	  
To	  conclude,	  we	  would	  like	  to	  point	  out	  the	  attention	  to	  the	  fact	  that	  intriguingly,	  
lots	  of	  Aβ	  assemblies	  described	  to	  date	  are	  hexamers	  or	  multiples	  (Aβ*56,	  ADDLs,	  
globulomers…)	   (Fig.30).	   The	   idea	   of	   an	   hexamer	   building	   block	   or	   paranucleus	  
becomes	  more	  and	  more	  relevant	  in	  Aβ	  oligomerization	  during	  the	  pathogenesis	  
of	  Alzheimer’s	  disease	  (Bernstein	  et	  al.,	  2009;Bitan	  et	  al.,	  2003b;Roychaudhuri	  et	  
al.,	  2009).	  Moreover,	  FAD	  mutations	  including	  the	  Flemish	  mutation	  (A21G)	  were	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shown	   to	   favor	   hexameric	   and	   dodecameric	   species	   (Gessel	   et	   al.,	   2012). It	  
appeared	  to	  be	  a	  real	  correlation	  between	  hexamers	  distribution	  and	  the	  disease.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  	  
	  
Fig.30	  Scheme	  of	  interconversion	  between	  different	  cellular	  or	  synthetic	  Aβ	  oligomers.	  
All	   the	   different	   Aβ	   species	   exist	   in	   a	   complex	   equilibrium,	   influenced	   by	   environmental	   factors.	  
They	  can	  coexist	  in	  the	  brain.	  Despite	  their	  different	  structure,	  stability	  and	  concentration,	  they	  may	  
contribute	  to	  the	  pathogenicity	  of	  AD	  (From	  Benilova	  and	  De	  Strooper,	  2012).	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Molecular	  structure	  of	  Aβ	  oligomers	  
Structural	   heterogeneity	   of	   Aβ	   oligomers	   has	   been	   a	  major	   hindrance	   to	   obtain	  
high-­‐resolution	   structural	   data	   and	   establish	   precisely	   their	  molecular	   structure.	  
Some	  Aβ	  oligomers	  display	  the	  same	  parallel	   in-­‐register	  β-­‐sheets	  than	  the	  fibrils.	  
Other	  oligomeric	   forms	  adopt	  distinct	   structures	   (Cerf	  et	  al.,	  2009;Ahmed	  et	  al.,	  
2010;Morgado	  et	  al.,	  2012;Stroud	  et	  al.,	  2012;Eckert	  et	  al.,	  2008).	  
The	  most	   relevant	  model	   for	  molecular	   structure	   of	   prefibrillar	   oligomers	   up	   to	  
date	  is	  the	  triple-­‐strand	  model,	  characterized	  by	  Gu	  et	  al.	   in	  2014	  (Fig.31)	  (Gu	  et	  
al.,	   2014).	   The	   model	   depicted	   prefibrillar	   oligomers	   with	   β-­‐sheet	   structures	  
containing	  3	  β-­‐strands	  in	  an	  antiparallel	  arrangement.	  The	  β-­‐strands	  are	  described	  
on	  residues	  1-­‐9,	  13–23	  and	  28–42	  with	  2	  turn	  regions	  connecting	  them	  (Ma	  and	  
Nussinov,	  2011;Gu	  et	  al.,	  2014).	  This	   triple-­‐strand	  antiparallel	  model	  converts	   to	  
fibrils	   by	   reorganization	   of	   its	   structure	   into	   fibril	   β-­‐sheets	   by	   a	   nucleated	  
conformational	   conversion	   named	   «	  strand	   rotation	  ».	   β-­‐strands	   undergo	   a	   90°	  
rotation	  along	  the	  strand	  direction	  to	  form	  parallel	  in-­‐register	  β-­‐sheets.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Fig.31	  Triple-­‐strand	  model	  of	  prefibrillar	  Aβ42	  oligomers.	  	  
Scheme	  illustrating	  the	  triple-­‐stand	  model	  of	  oligomers.	  Each	  
Aβ42	  subunit	  consists	  of	   three	  β-­‐strands	   interacting	   through	  
backbone	   hydrogen	   bonds.	   The	   numbers	   represent	   residue	  
positions	   and	   red	   balls	   represent	   spin	   labels	   used	   to	   probe	  
the	  side	  chain	  mobility	  (Gu	  et	  al.,	  2014).	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GXXXG	  motifs	  in	  Aβ	  oligomerization	  
For	  oligomerization,	  GXXXG	  motifs	  have	  a	  packing	  mode	  distinct	  from	  symmetrical	  
α-­‐helices	   dimerization	   of	   transmembrane	   proteins	   like	   the	   Glycophorin	   A	  
(MacKenzie	   et	   al.,	   1997).	   GXXXG	  motifs	   implicated	   in	   oligomerization	   are	   called	  
glycine	  zipper	  motifs.	  In	  glycine	  zipper	  packing,	  the	  motif	  packs	  against	  a	  different	  
face	   of	   the	   associate	   helix.	   These	   motifs	   have	   been	   found	   in	   a	   lot	   of	  
homooligomeric	   channel	   proteins	   and	   are	   strongly	   conserved	   between	   species	  
(Kim	   and	   Sisodia,	   2005).	   In	   human	   diseases,	   one	   of	   these	   proteins	   is	   the	   well-­‐
known	  VacA	  toxin	  from	  Helicobacter	  Pylori,	  the	  agent	  causing	  almost	  all	  stomach	  
ulcers	  (Covacci	  et	  al.,	  1999).	  Mutation	  of	  the	  glycines	  involved	  in	  the	  zipper	  motif	  
abolished	  channel	  activity	  of	  the	  toxin	  (McClain	  et	  al.,	  2003).	  In	  Aβ	  peptide,	  such	  
motifs	   have	   a	   critical	   impact	   on	   aggregation,	   helping	   β-­‐sheets	   packing	   and	  
eventually	   formation	  of	   fibrils	   in	   solution	   (Liu	   et	   al.,	   2005b;Sato	  et	   al.,	   2006).	   In	  
cellular	   membranes,	   the	   presence	   of	   glycine	   zipper	   motifs	   was	   suggested	   to	  
mediate	  α-­‐helices	  packing	  and	  homo-­‐oligomerization	  of	  channel	  proteins,	  ranging	  
from	   tetrameric	   to	   hexameric	   complexes	   (Kim	   and	   Hecht,	   2006;McClain	   et	   al.,	  
2003;Cross	   et	   al.,	   2001;Shapiro	   et	   al.,	   1996).	   To	   support	   the	   idea	   that	   glycine	  
zipper	  motif	  drives	  the	  formation	  of	  Aβ	  oligomers,	  synthetic	  Aβ	  containing	  gly-­‐to-­‐
leu	  mutations	  were	  used	  in	  vitro	  (Kim	  and	  Sisodia,	  2005;Hung	  et	  al.,	  2008).	  They	  
showed	   a	   reduction	   of	   toxicity	   compared	   to	  WT	   peptides.	   This	   reduced	   toxicity	  
correlated	  with	  reduction	  of	  small	  oligomeric	  species	  and	  increased	  rates	  of	  fibril	  
formation	   in	   solution	   (Hung	   et	   al.,	   2008).	   Harmeier	   et	   al.	   highlighted	   the	   G33	  
residue	  as	   critical	   for	  Aβ42	  assembly	   (Harmeier	   et	   al.,	   2009).	   Its	  mutation	   in	  Aβ	  
promoted	   rapid	   oligomerization	   through	   conformational	   changes	   favoring	   high	  
molecular	  weight	  oligomers.	  The	  synthetic	  G33L	  peptide	  was	  unable	  to	  impair	  LTP	  
in	   hippocampal	   slices.	   In	   contrast,	   Aβ	   G37L	   was	   less	   toxic	   after	   endogenous	  
expression	  did	  not	  show	  any	  detectable	  amyloid	  in	  vivo	  (Fonte	  et	  al.,	  2011).	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Differences	  between	  Aβ	  40	  and	  42	  oligomers	  
Structure	  and	  composition	  of	  Aβ42	  oligomers	  are	  markedly	  different	   from	  Aβ40	  
assemblies	   (Ahmed	   et	   al.,	   2010),	   although	   it	   is	   still	   matter	   of	   debates.	   A	   first	  
hypothesis	   is	   that	   Aβ40	   oligomers	   are	   large	   spherical	   aggregates	   containing	   β-­‐
sheets	   that	   rapidly	   convert	   to	   protofibrils	   and	   fibrils.	   This	  may	   reflect	   the	   lower	  
toxic	  effects	  observed	  with	  Aβ40.	  Indeed,	  if	  Aβ40	  have	  parallel	  and	  in-­‐register	  β-­‐
sheet	   structures	   in	  both	  oligomers	  and	   fibrils	   (Chimon	  et	  al.,	  2007),	   it	   is	  not	   the	  
case	  for	  Aβ42	  oligomers.	  They	  were	  shown	  to	  form	  β-­‐sheet	  secondary	  structures	  
in	  fibrils	  but	  not	  in	  oligomers	  (Ahmed	  et	  al.,	  2010).	  
Another	   study	   using	   ion	   motility	   coupled	   to	   mass	   spectrometry	   revealed	  
differences	   in	   primary	   oligomers	   formed	   by	   Aβ	   40	   and	   42.	   Aβ40	   rather	   formed	  
tetramers	   whereas	   Aβ42	   formed	   hexamers	   and	   dodecamers	   (Bernstein	   et	   al.,	  
2009).	   Moreover,	   FAD	   mutations	   in	   Aβ40	   gave	   rise	   to	   high	   order	   oligomers,	  
ranging	  from	  hexamers	  to	  dodecamers	  (Gessel	  et	  al.,	  2012).	  Similarly,	  mutation	  of	  
Glu22	   and	   Asp23	   are	   able	   to	   make	   Aβ40	   producing	   higher	   order	   assemblies	  
without	  affecting	  Aβ42	  oligomers	  (Grant	  et	  al.,	  2007).	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CHAPTER	  II:	  Aim	  of	  the	  thesis	  
The	  amyloid	  β	  peptide	  is	  one	  of	  the	  key	  players	  in	  Alzheimer’s	  disease.	  Increase	  in	  
Aβ	   production	   or	   aggregation	   are	   key	   features	   in	   the	   pathogenesis.	   APP	  
amyloidogenic	   processing	   has	   been	   widely	   studied	   to	   understand	   these	  
phenomena.	   This	   work	   focuses	   on	   two	   features	   that	   are	   critical	   in	   the	   disease	  
process:	  Aβ	  production	  and	  its	  toxic	  aggregation.	  
Several	   studies	   have	   suggested	   that	   dimerization	   of	   APP	   is	   closely	   linked	   to	   Aβ	  
production.	   APP	   mutations	   responsible	   for	   inherited	   AD	   cases	   are	   mainly	  
clustered	   in	   the	   JM/TM	   regions	  at	   the	  α-­‐,	  β-­‐	   and	  γ-­‐cleavage	   sites.	   Each	  of	   them	  
modulates	   APP	   processing	   differently	   and	   the	   precise	  mechanisms	   behind	   their	  
effects	   on	   amyloidogenesis	   are	   not	   known.	   Understanding	   these	   mechanisms	  
represent	  a	  fundamental	  challenge	  in	  Alzheimer	  research.	  APP	  has	  been	  shown	  to	  
dimerize	   in	   living	  cells	  and	  dimerization	   is	   thought	   to	   regulate	   its	  amyloidogenic	  
processing.	   Association	   of	   the	   ectodomain	   and/or	   TMD	   is	   supposed	   to	  mediate	  
APP	  dimerization.	  
The	   first	   aim	   of	   this	  work	  was	   to	   decipher	   APP	   homodimerization	  with	   a	   novel	  
sensitive	  method	   and	   unravel	   the	   involvement	   of	   its	   three	  major	   domains:	   the	  
ectodomain,	  the	  transmembrane	  domain	  (TMD)	  and	  the	  intracellular	  domain.	  We	  
also	   addressed	   the	   role	   of	   both	   familial	   and	   non-­‐familial	   AD	   mutations	   of	   the	  
GXXXG	  motifs	  in	  APP	  TMD	  dimerization	  and	  processing.	  The	  results	  are	  described	  
in	  the	  first	  paper.	  
We	  also	  collaborated	  to	  the	  work	  of	  Steven	  O.	  Smith	  and	  colleagues	  bringing	  new	  
insights	   on	   the	   extracellular	   structure	   of	   APP	   CTFs	   and	   the	   impact	   of	   structural	  
determinants	  on	  processing.	  This	  led	  to	  the	  submission/publication	  of	  two	  papers.	  
The	  first	  one	  was	  aimed	  at	  studying	  the	  impact	  of	  the	  Flemish	  A21G	  mutation	  on	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CTFs	   structure	   and	   Aβ	   production.	   The	   second	   one	   was	   aimed	   at	   scanning	   the	  
determinants	  of	  the	  C99	  extracellular	  region	  and	  their	  impact	  on	  cleavage	  by	  the	  
γ-­‐secretase.	  The	  data	  obtained	  identified	  the	  influence	  of	  the	  LVFFA	  motif,	  critical	  
determinant	   in	   the	   processing	   of	   amyloidogenic	   C-­‐terminal	   fragments	   by	  
formation	  of	  a	  β-­‐sheet	  structure.	  We	  contributed	  to	  these	  works	  by	  analyzing	  the	  
amyloidogenic	  processing	  of	  the	  different	  mutants	  generated.	  
Since	   a	   decade,	   there	   is	   a	   growing	   body	   of	   evidence	   that	   soluble	   Aβ	   oligomers	  
precisely	   correlate	  with	   the	   clinical	   features	   and	   symptoms	   associated	  with	   AD.	  
The	  Aβ	  sequence	  is	  present	  in	  the	  TM	  region	  of	  APP,	  containing	  the	  G25XXXG33	  and	  
G38XXXA42	   motifs.	   They	   can	   be	   critical	   for	   both	   TM	   protein	   interactions	   and	  
fibrillogenic	   properties	   of	   peptides	   derived	   from	  TM	  α-­‐helices.	  We	  discovered	   a	  
highly	   stable	   assembly	   of	   Aβ42.	   They	   are	   formed	   in	   cellular	   membrane-­‐bound	  
compartments,	  and	  can	  be	  generated	  by	  direct	  expression	  of	  Aβ42,	  but	  not	  Aβ40.	  
The	   second	   aim	   of	   the	   thesis	  was	   to	   characterize	   the	   role	   of	   the	   TM	  G25XXXG33	  
and	   G38XXXA42	   motifs	   in	   the	   formation	   of	   Aβ	   assemblies	   by	   introducing	   point	  
mutations.	   We	   also	   measured	   the	   effect	   of	   such	   soluble	   oligomeric	   species	   on	  
neuronal	  maturation	  and	  differentiation.	  The	  results	  of	  this	  study	  are	  represented	  
in	  a	  fourth	  paper.	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CHAPTER	  III:	  Results	  
1. APP	  dimerization	  and	  Aβ	  production:	  GXXXG	  motifs	  and	  
structural	  determinants	  
1.1 Analysis	  of	  the	  regions	   involved	  in	  APP	  dimerization	  and	  its	  
impact	  on	  processing	  
In	   this	  study,	  we	  focused	  on	  the	  regions	   involved	   in	   full-­‐length	  APP	  dimerization	  
and	   the	   controversial	   role	   of	   the	   GXXXG	   motifs.	   APP	   dimerization	   has	   already	  
been	  studied	  but	   the	  precise	   role	  of	   the	  different	  domains	  and	   the	   link	  with	  Aβ	  
production	   are	   still	   controversial.	   We	   analyzed	   the	   role	   of	   the	   ectodomain	  
previously	   suggested	   to	  mediate	   APP	   dimerization,	   the	   transmembrane	   domain	  
containing	   the	   well-­‐known	   GXXXG	   dimerization	   motifs,	   and	   exclusively	   the	  
intracellular	  domain.	  
To	   clearly	   define	   the	   role	   of	   the	   different	   domains	   in	   dimerization,	   we	   used	   a	  
novel	  approach:	  the	  split-­‐luciferase.	  This	  approach	  allows	  a	  sensitive	  detection	  of	  
proteins	  dimerization	   in	   living	   cells.	  APP	   is	   fused	   to	   the	  N-­‐	  or	  C-­‐terminal	  part	  of	  
the	  Gaussia	  luciferase	  enzyme.	  Association	  of	  the	  two	  constructs	  reconstitutes	  the	  
enzyme,	  giving	  a	  strong	  luminescent	  signal	  upon	  addition	  of	  its	  substrate.	  
To	  study	  the	  involvement	  of	  the	  ectodomain	  in	  dimerization,	  we	  built	  constructs	  
expressing	   full-­‐length	  APP	  and	  truncated	   forms	  representing	  APP	  cleaved	  by	   the	  
β-­‐secretase	   (C99)	   or	   α-­‐secretase	   (C83).	   By	   site-­‐directed	   mutagenesis,	   we	  
constructed	  two	  mutants	  affecting	  the	  role	  of	  the	  transmembrane	  GXXXG	  motifs.	  
The	   first	   construct	   contains	   the	   FAD	   Flemish	   (Fle)	   mutation	   (A617G,	   APP695	  
numbering)	  known	  to	  dramatically	  increase	  Aβ	  production.	  The	  second	  mutant	  is	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called	  mut5	   and	   disrupts	   the	   central	   GXXXG	  motif	   by	   replacement	  with	   leucine	  
residues	   (GG625/629LL).	   Ectodomain’s	   involvement	   was	   studied	   using	   APP	  
constructs	  lacking	  the	  intracellular	  domain	  (APPΔC).	  
Comparison	  between	  the	  C-­‐terminal	  fragments	  C99	  and	  C83	  with	  full-­‐length	  APP	  
showed	   a	   strong	   reduction	   of	   dimerization	   upon	   removal	   of	   the	   ectodomain,	  
confirming	  its	  implication	  in	  the	  association.	  Despite	  the	  drastic	  increase	  (Fle)	  and	  
decrease	   (m5)	   in	   processing	   observed	   with	   the	   GXXXG	   mutants,	   we	   could	   not	  
measure	  such	  differences	   in	   terms	  of	  C-­‐terminal	   fragments	  dimerization.	  Finally,	  
we	   found	  a	  drastic	   increase	   in	  APP	  dimerization	  and	  α-­‐secretase	   cleavage	  when	  
the	   intracellular	  domain	   is	   removed	  (APPΔC).	  For	   the	   first	   time,	  we	  showed	  that	  
APP	  intracellular	  domain	  has	  a	  strong	  role	  in	  dimerization	  and	  that	  full-­‐length	  APP	  
dimerization	  can	  regulate	  the	  non-­‐amyloidogenic	  processing.	  
This	  work	  has	  been	  published	  in	  the	  following	  paper.	  	  
	  
	  
 
	  
	  
	   	  
CHAPTER	  III:	  Results	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  1.	  APP	  dimerization	  and	  Aβ	  processing:	  GXXXG	  motifs	  and	  
structural	  determinants	  
113	  
Analysis	   by	   a	   highly	   sensitive	   split	   luciferase	   assay	   of	   the	  
regions	   involved	   in	   APP	   dimerization	   and	   its	   impact	   on	  
processing	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ABSTRACT 
	  
Alzheimer’s	  disease	   (AD)	   is	  a	  neurodegenerative	  disease	   that	   causes	  progressive	  
loss	  of	  cognitive	  functions,	  leading	  to	  dementia.	  Two	  types	  of	  lesions	  are	  found	  in	  
AD	   brains:	   neurofibrillary	   tangles	   and	   senile	   plaques.	   The	   latter	   are	   mainly	  
composed	  by	  the	  β-­‐amyloid	  peptide	  (Aβ)	  generated	  by	  amyloidogenic	  processing	  
of	   the	   amyloid	   precursor	   protein	   (APP).	   Several	   studies	   have	   suggested	   that	  
dimerization	   of	   APP	   is	   closely	   linked	   to	   Aβ	   production.	   Nevertheless,	   the	  
mechanisms	   controlling	  APP	  dimerization	  and	   their	   role	   in	  APP	   function	  are	  not	  
known.	   Here	   we	   used	   a	   new	   luciferase	   complementation	   assay	   to	   analyze	   APP	  
dimerization	   and	   unravel	   the	   involvement	   of	   its	   three	   major	   domains:	   the	  
ectodomain,	   the	   transmembrane	   domain	   and	   the	   intracellular	   domain.	   Our	  
results	  indicate	  that	  within	  cells	  full-­‐length	  APP	  dimerizes	  more	  than	  its	  α	  and	  β	  C-­‐
terminal	  fragments,	  confirming	  the	  pivotal	  role	  of	  the	  ectodomain	  in	  this	  process.	  
Dimerization	   of	   the	   APP	   transmembrane	   (TM)	   domain	   has	   been	   reported	   to	  
regulate	   processing	   at	   the	   γ-­‐cleavage	   site.	  We	   show	   that	   both	   non-­‐familial	   and	  
familial	  AD	  mutations	  in	  the	  TM	  GXXXG	  motifs	  strongly	  modulate	  Aβ	  production,	  
but	  do	  not	  consistently	  change	  dimerization	  of	  the	  C-­‐terminal	  fragments.	  Finally,	  
we	  found	  for	  the	  first	  time	  that	  removal	  of	  intracellular	  domain	  strongly	  increases	  
APP	   dimerization.	   Increased	   APP	   dimerization	   is	   linked	   to	   increased	   non-­‐
amyloidogenic	  processing.	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INTRODUCTION	  
	  
The	   amyloid	   precursor	   protein	   (APP)	   is	   a	   ubiquitously	   expressed	   type	   1	  
transmembrane	   protein	   [1,2].	   APP	   undergoes	   proteolysis	   via	   two	   distinct	  
pathways	  known	  as	  the	  amyloidogenic	  and	  the	  non-­‐amyloidogenic	  pathways.	  APP	  
processing	   is	   initiated	   by	   the	   shedding	   of	   the	   large	   ectodomain	   by	   either	   an	   α-­‐
secretase	  (non-­‐amyloidogenic	  pathway)	  or	  the	  β-­‐secretase	  BACE1	  (amyloidogenic	  
pathway).	   APP	   β-­‐cleavage	   generates	   a	   membrane-­‐anchored	   β	   C-­‐terminal	  
fragment	   (βCTF	  or	   C99),	  which	   is	   further	   cleaved	  by	   the	   c-­‐secretase	   complex	   to	  
generate	   the	   Aβ	   peptides.	   The	   40	   and	   42	   amino	   acids	   Aβ	   isoforms	   (Aβ40	   and	  
Aβ42,	   respectively)	   are	   the	   major	   constituents	   of	   the	   senile	   plaques,	   a	   typical	  
lesion	  found	  in	  the	  brain	  of	  patients	  with	  Alzheimer’s	  disease	  (AD)	  [4].	  Mutations	  
responsible	   for	   inherited	   or	   familial	   AD	   cases	   (FAD)	   are	   located	   in	   the	   APP	   or	  
presenilin	  genes	  (PS1	  and	  PS2).	  The	  presenilin	  proteins	  are	  the	  catalytic	  subunits	  
of	  the	  γ-­‐secretase.	  AD	  mutations	  typically	  result	  in	  an	  increased	  Aβ42/Aβ40	  ratio	  
[2].	  Imbalanced	  production	  of	  Aβ,	  along	  with	  its	  aggregation	  and	  accumulation	  in	  
the	  brain,	  may	  therefore	  play	  a	  critical	  role	  in	  the	  onset	  and	  progression	  of	  AD	  [5].	  
Although	  Aβ	  involvement	  in	  the	  pathology	  has	  been	  extensively	  studied	  over	  the	  
past	  decades,	  our	  knowledge	  of	  the	  physiological	  function	  of	  APP	  and	  the	  cellular	  
mechanism	  regulating	  its	  processing	  remain	  remarkably	  incomplete.	  APP	  belongs	  
with	   its	   two	   paralogs	   APLP1	   and	   APLP2	   to	   the	   APP-­‐like	   protein	   family.	   Unique	  
features	   in	   each	   member	   of	   the	   family	   could	   account	   for	   its	   specialized	   and	  
specific	   function	   [6].	   Ten	   APP	   isoforms	   generated	   by	   alternative	   splicing	   of	   the	  
APP	   transcript	   have	   been	   identified	   [3].	   The	   major	   ones	   (APP695,	   APP751	   and	  
APP770)	   differ	   in	   their	   extracellular	   domain	   by	   a	   Kunitz-­‐type	   protease	   inhibitor	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(KPI)	  domain	  present	  in	  non-­‐neuronal	  isoforms	  (APP751	  and	  APP770),	  but	  absent	  
in	  the	  neuronal	  one	  (APP695).	  
APP	   has	   been	   proposed	   to	   mediate	   dendritic	   spine	   arrangement,	   neural	   cell	  
migration	   and	   synapse	   formation,	   including	   neuromuscular	   junctions	   formation	  
[7]	  that	  could	  underlie	  the	  neuromuscular	  phenotype	  observed	  in	  APP	  knock-­‐out	  
mice	   [8].	   The	   possible	   physiological	   role	   of	   APP	   can	   be	   related	   to	   its	   structural	  
properties.	  APP	  resembles	  a	  transmembrane	  receptor	  with	  an	  extracellular	  region	  
displaying	   features	   of	   a	   cell	   surface	   receptor	   or	   an	   adhesion	   molecule	   [9,10].	  
These	  different	   functional	   regions	   include	  copper	  binding	  and	  growth	   factor-­‐like	  
domains	   and	   are	   required	   for	   homo-­‐	   and	   heterophilic	   interactions	   [11,12].	   For	  
instance,	   APP	   has	   been	   shown	   to	   interact	  with	  Notch	   [11,13],	   another	  major	   γ-­‐	  
secretase	   substrate,	   and	   even	  with	   the	   Aβ	   peptide	   generated	   by	   its	   processing	  
[14].	  APP	  dimerization	  is	  therefore	  likely	  to	  play	  a	  pivotal	  role	  in	  its	  processing	  and	  
function.	  Recent	   studies	  have	   indicated	   that	  APP	  dimerization	   involves	  both	   the	  
E1	   and	   KPI	   regions	   of	   the	   ectodomain	   [11,15–17]	   and	   GXXXG	   motifs	   of	   the	  
transmembrane	   (TM)	  domain	   [18,19].	  GXXXG	  motifs	  are	  structural	  determinants	  
favoring	   close	   apposition	  of	   TM	  helices	   and	   formation	  of	   TM	  dimers	   [20,21,38].	  
The	  TM	   region	  of	  APP	   contains	   three	   consecutive	  GXXXG	  motifs.	   The	  FAD	  A21G	  
mutation	  (Aβ	  numbering)	  known	  as	  the	  Flemish	  mutation	  [24]	  extends	  the	  GXXXG	  
interface	   by	   adding	   a	   fourth	   GXXXG	   motif	   and	   triggers	   Aβ	   production.	   This	  
strongly	   suggests	   that	   TM	   interactions	   are	   involved	   in	   pathophysiological	  
processing	  of	  APP	  [19,23,25,26,33].	   It	   is	  of	  particular	   interest	   to	  clearly	  establish	  
the	  relation	  between	  APP	  dimerization	  and	   its	  processing,	  especially	   its	  cleavage	  
at	  the	  γ	  site.	  Studies	  on	  APP	  dimerization	  have	  largely	  been	  carried	  out	  using	  bio-­‐	  
chemical	   approaches	   (crosslinking,	   co-­‐immunoprecipitation)	   [27]	   focused	  on	   TM	  
domain	  interactions	  in	  reconstituted	  micelles	  or	  membrane	  bilayers	  [22]	  or	  have	  
used	  purified	  peptides	   for	   structural	   approaches	   [27–30].	  Very	   few	  studies	  have	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addressed	   APP	   dimerization	   in	   living	   cells.	   Although	   split	   fluorescent	   proteins	  
assays	   [13,31,32]	   have	   revealed	   a	   positive	   role	   of	   the	   KPI	   domain	   in	   APP	  
dimerization,	  the	  role	  of	  TM	  dimerization	  has	  appeared	  much	  more	  controversial.	  
It	  has	  even	  been	  suggested	  that	  the	  TM	  domain	  plays	  only	  a	  marginal	  role	  in	  full-­‐
length	  APP	  dimerization	  [9,27].	  
Indeed,	   the	   extent	   of	   APP	   and	  CTFs	   dimerization	   in	   living	   cells	   is	   poorly	   known.	  
There	  is	  no	  information	  about	  the	  respective	  contribution	  of	  its	  3	  major	  domains,	  
and	   especially	   of	   its	   intracellular	   domain	   in	   this	   process.	   The	   link	   between	   APP	  
dimerization	  and	  processing	  is	  controversial	  [27,36].	  Here	  we	  use	  a	  new	  dynamic	  
and	  highly	  sensitive	  split	  protein	  assay,	  the	  split	  luciferase	  assay	  [37]	  to	  define	  the	  
role	  and	  the	  contribution	  of	  the	  different	  APP	  regions	  to	  dimerization	  and	  clarify	  
the	   correlation	  between	   its	  dimerization	  and	  processing.	  Our	  major	   findings	   are	  
that	   full-­‐length	  APP	  forms	  more	  dimers	  than	  APP	  β	  and	  αCTFs.	  Mutations	   in	  the	  
GXXXG	   motifs,	   including	   FAD	   mutants	   (Flemish),	   do	   not	   consistently	   alter	  
dimerization.	   Strikingly,	   deletion	   of	   intracellular	   domain	   strongly	   favors	  
dimerization.	  Finally,	  we	  found	  that	  the	  extent	  of	  dimerization	  is	  not	  correlated	  to	  
Aβ	   production,	   but	   that	   increased	   dimerization	   observed	   with	   APP	   lacking	   its	  
intracellular	  region	  is	  linked	  to	  increased	  non-­‐amyloidogenic	  processing.	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MATERIAL	  AND	  METHODS	  
	  
Chemicals	  and	  reagents	  
Restriction	   enzymes,	   Taq	   DNA	   polymerase,	   all	   culture	   media,	   penicillin-­‐
streptomycin	  solution	  and	  Lipofectamine®	  transfection	  reagent,	  Nu-­‐Page®	  Novex®	  
4–12%	  Bis-­‐Tris	  gels	  and	  buffers	  were	  from	  Life	  Technology	  Corporation	  (Carlsbad,	  
CA).	   Fetal	   bovine	   serum	   (FBS)	   for	   culture	   media	   was	   purchased	   from	   Thermo	  
Scien-­‐	   tific	   (Rockford,	   IL).	   Transfection	   reagent	  Trans-­‐IT2020	  was	   from	  Mirus	  Bio	  
Corporation	  (Madison,	  WI).	  Analytical	  grade	  solvents,	  salts	  and	  poly-­‐L-­‐lysine	  were	  
from	   Sigma-­‐Aldrich	   (St	   Louis,	   MO).	   N-­‐[N-­‐(3,5-­‐difluorophenacetyl)-­‐L-­‐alanyl]-­‐S-­‐
phenylglycine-­‐butyl	  ester	   (DAPT)	  was	   from	  Calbiochem	  (Camarillo,	  CA).	  Protease	  
inhibitor	   cocktail	   was	   purchased	   from	   Roche	   (Basel,	   Switzerland).	   BCA	   protein	  
assay	   kit	   was	   from	   Pierce	   (Rockford,	   IL,	   USA).	   Nitrocellulose	   membranes	   were	  
obtained	   from	   GE	   Healthcare	   (Fairfield,	   CT).	   ECL	   reagents	   were	   obtained	   from	  
Perkin	   Elmer	   Inc.	   (Waltham,	   MA).	   Gaussia	   luciferase	   substrate	   Coelenterazine	  
native	  was	   purchased	   from	  Prolume®	   Ltd.	   (Pinetop,	  AZ).	   The	   luciferase	   cell	   lysis	  
buffer	   was	   from	   New	   England	   Biolabs	   (Ipswich,	   MA).	   The	   following	   primary	  
antibodies	   were	   used:	   anti-­‐amyloid	   β	   antibody,	   clone	   W0-­‐2	   (EMD	   Millipore,	  
Billerica,	  MA),	  anti-­‐amyloid	  precursor	  protein,	  C-­‐terminal	  antibody	  (Sigma-­‐Aldrich,	  
St	   Louis,	   MO),	   anti-­‐GLuc	   antibody	   (New	   England	   Biolabs,	   Ipswich,	   MA).	  
Fluorescent	   nucleic	   acid	   stain	   DAPI	   was	   obtained	   from	   Sigma–Aldrich	   (St	   Louis,	  
MO).	   Secondary	   antibodies	   coupled	   to	   HRP	   were	   obtained	   from	   Amersham	  
Bioscience	   (Uppsala,	   Sweden)	   and	   fluorescent	   secondary	   antibodies	   coupled	   to	  
Alexa	   fluorochromes	   were	   from	   Life	   Technology	   Corporation	   (Carlsbad,	   CA).	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Fluorescent	  mounting	  medium	  was	  from	  DAKO	  (Agilent	  Technologies,	  Santa	  Clara,	  
CA,	  USA).	  
	  
Cells	  lines	  and	  cell	  culture	  
Chinese	  hamster	  ovary	   (CHO)	   cell	   lines	  were	  grown	   in	  Ham’s	   F-­‐12	  medium.	  The	  
medium	  was	  supplemented	  with	  10%	  of	  fetal	  bovine	  serum	  (FBS)	  and	  penicillin–
streptomycin	  solution	  (10	  units-­‐10	  μg).	  All	  cell	  cultures	  were	  maintained	  at	  37°C	  in	  
a	  humidified	  atmosphere	  (5%	  CO2).	  
	  
Plasmids,	  site-­‐directed	  mutagenesis	  and	  cloning	  
GCN4	   leucine	   zipper	   split-­‐luciferase	   constructs	   Zip-­‐hGLuc1	   and	   Zip-­‐hGLuc2	   in	  
pcDNA3.1	   vectors	  were	   obtained	   from	   the	   group	   of	   S.W.	  Michnick	   [37].	   All	   the	  
constructs	   expressing	   APP	   and	   APP	   fragments	   fused	   to	   humanized	   Gaussia	  
luciferase	   (hGluc)	   halves.	   They	   were	   obtained	   by	   PCR	   amplification	   of	   APP	  
sequences	  encoded	  by	  expression	  vectors	  previously	  described	  [19]	  with	  forward	  
and	  reverse	  primers	  harboring	  the	  NotI	  and	  ClaI	  restriction	  sites,	  respectively.	  PCR	  
products	  were	  digested	  and	   further	   inserted	   in	   the	  NotI/ClaI	   restrictions	  sites	  of	  
the	   Zip-­‐hGLuc1	   and	   Zip-­‐hGLuc2	   constructs,	   removing	   the	   GCN4	   leucine	   zipper	  
sequence	   of	   the	   backbone.	   All	   constructs	   were	   verified	   by	   full	   sequencing	  
(Macrogen	  Europe,	  Amsterdam,	  The	  Netherlands).	  C83	  mutants	  were	  obtained	  by	  
Quick-­‐change	   site-­‐specific	   mutagenesis	   (Stratagene,	   La	   Jolla,	   CA)	   as	   previously	  
described	  [31].	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Cell	  transfection	  and	  treatment	  
CHO	  cells	  were	  transfected	  with	  Lipofectamin	  reagent	  24	  h	  after	  seeding	  following	  
manufacturer’s	  instructions.	  Plasmids	  expressing	  the	  split-­‐luciferase	  proteins	  were	  
cotransfected	   in	   a	   1:1	   ratio.	   The	   control	   plasmid	   (Mock)	  was	   the	   corresponding	  
empty	   vector.	  MEF	   cells	   (PS+/+	   and	   PS-­‐/-­‐)	   were	   transfected	   using	   Trans-­‐IT2020	  
according	   to	   the	  manufacturer’s	   instructions.	  CHO	  cells	  were	   treated	  with	  DAPT	  
for	   15	   h	   at	   a	   final	   concentration	   of	   1	   μM.	   48	   h	   after	   transfection,	  medium	  was	  
collected,	  treated	  with	  protease	  inhibitors	  cocktail	  (Roche)	  and	  stored	  at	  20°C	  for	  
ECLIA	   assay.	   Cells	  were	   harvested	   and	   lysed	   in	   Luciferase	   Cell	   Lysis	   Buffer	   (New	  
England	   Biolab)	   and	   pelleted	   by	   quick	   centrifugation	   at	   4°C	   for	   1	   min.	   Protein	  
concentrations	   of	   cell	   lysates	   were	   measured	   by	   the	   BCA	   protein	   assay	   kit	  
(Pierce).	  Cell	   lysates	  were	   further	  used	  for	  Gaussia	   luciferase	  assay	  and	  Western	  
blotting.	  Samples	  were	  aliquoted	  in	  5ml	  polystyrene	  round-­‐bottom	  tubes	  at	  a	  final	  
concentration	  of	  10	  μg	  of	  proteins	   in	  20	  μl	   in	  Luciferase	  Cell	  Lysis	  Buffer.	  Native	  
coelenterazine	   was	   reconstituted	   as	   a	   stock	   solution	   of	   1	   mg/ml	   in	   methanol	  
(stored	   frozen),	   diluted	   30	  min	   prior	   reading	   in	   DMEM	  without	   phenol	   red	   and	  
used	   at	   a	   final	   concentration	   of	   20	   μM.	   50	   μl	   of	   coelenterazine	   was	   added	   to	  
tubes	   and	   luminescence	   directly	   measured	   on	   a	   Sirius	   Luminometer	   (Berthold,	  
Pforzheim,	  Germany).	  
	  
Western	  blotting	  
Ten	  μg	  of	  protein	  of	  cell	  lysates	  were	  heated	  for	  10	  min	  at	  70°C	  in	  loading	  buffer	  
(Luciferase	  Cell	  Lysis	  Buffer	  with	  0.5	  M	  DTT	  and	  staining	  Nupage	  blueTM),	  loaded	  
and	  separated	  onto	  4–12%	  NupageTM	  bis-­‐Tris	  gel,	  and	  then	  transferred	  for	  2	  h	  at	  
30	  V	  onto	  nitrocellulose	  membranes.	  Ponceau	  Red	  staining	  was	  used	  to	  check	  gel	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loading	   and	   transfer	   accuracy.	   After	   blocking	   with	   5%	   non-­‐fat	   milk	   in	   PBS,	  
membranes	  were	  incubated	  overnight	  at	  4°C	  with	  one	  of	  the	  primary	  antibodies:	  
anti-­‐amyloid	  β	  antibody,	  clone	  W0-­‐2	  (1/2500),	  anti-­‐amyloid	  precursor	  protein,	  C-­‐
terminal	   antibody	   (1/2000),	   anti-­‐hGLuc	   antibody	   (1/2000).	   Membranes	   were	  
washed	  with	   PBS-­‐Tween	   (0.005%)	   and	   incubated	  with	   the	   secondary	   antibodies	  
anti-­‐mouse	  (1:10,000)	  or	  anti-­‐rabbit	  (1:10,000)	  coupled	  to	  peroxidase	  prior	  to	  ECL	  
detection	   (GE	  Healthcare).	   Signals	  were	  quantified	  with	  a	  Gel	  Doc	  2000	   imaging	  
system	  coupled	  to	  a	  Quantity	  OneTM	  software	  (Bio-­‐Rad).	  
	  
Immunocytochemistry	  
Cells	   were	   seeded	   on	   coverslips	   previously	   incubated	   with	   poly-­‐L-­‐lysine	   (10	  
mg/ml).	   Prior	   to	   staining,	   cells	   were	   rinsed	   twice	   with	   Opti-­‐MEM®	   (Life	  
Technology	  Corporation)	  and	   fixed	  with	  4%	  paraformaldehyde	   (PFA)	   for	  15	  min.	  
After	  3	  washes	   in	  PBS,	  cells	  were	  permeabilized	  with	  PBS1X/0.3%	  Triton100X	  for	  
30	  min	  and	  blocked	  in	  PBS1X/fetal	  bovine	  serum	  5%/0.1%	  Triton100X	  for	  30	  min.	  
Primary	  antibodies	  were	  prepared	  in	  the	  blocking	  solution	  and	  incubated	  O/N	  at	  
4°C.	   Primary	   antibodies	   used	  were	   anti-­‐human	   amyloid	   β	   antibody,	   clone	  W0-­‐2	  
(1:2500),	  anti-­‐amyloid	  precursor	  protein,	  C-­‐terminal	  antibody	  (1:2000),	  anti-­‐hGLuc	  
antibody	   (1:2000).	   After	   3	   washes	   in	   PBS,	   cells	   were	   incubated	   with	   secondary	  
antibodies	   (goat	   anti-­‐mouse	   Alexa	   465	   and	   goat	   anti-­‐rabbit	   Alexa	   488	   and	   465,	  
1:500	  in	  blocking	  solution)	  and	  DAPI	  (1:2000)	  for	  1	  h	  at	  4°C.	  After	  3	  washes	  in	  PBS,	  
cells	  were	  stored	  in	  PBS-­‐azide	  0.1%	  at	  4°C	  or	  mounted	  with	  fluorescent	  mounting	  
medium	   for	   coverslips.	   Pictures	   were	   acquired	   with	   an	   Evos	   fluorescence	  
microscope	   (Advanced	  Microscopy	  Group,	  Mill	  Creek,	  Washington,	  USA)	  or	  with	  
an	  Olympus	  Fluoview	  confocal	  microscope	  (Olympus	  America	  Inc.,	  Center	  Valley,	  
Pennsylvania,	  USA).	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Aβ	  and	  sAPP	  measurements	  
Aβ38,	  Aβ40	  and	  Aβ42	  peptides	  were	  quantified	  in	  the	  cell	  medium	  as	  previously	  
described	   [39]	   by	   the	   Aβ	   multiplex	   electrochemiluminescence	   immunoassay	  
(ECLIA)	   (Meso	  Scale	  Discovery,	  Gaithersburg,	  MD).	   sAPPα	  and	  β	  were	  quantified	  
using	   a	   sAPPα/sAPPβ	   multiplex	   ECLIA	   (Meso	   Scale	   Discovery).	   Cells	   were	  
conditioned	   in	  serum-­‐free	  medium	  for	  16	  h	  before	  harvesting.	  Cell	  medium	  was	  
then	   collected	  and	  Aβ	  or	   sAPP	  were	  quantified	  according	   to	   the	  manufacturer’s	  
instructions.	  Aβ	  produced	  from	  split-­‐luciferase	  constructs	  was	  quantified	  with	  the	  
human	  Aβ	  specific	  6E10	  multiplex	  assay.	  
The	  number	  of	   samples	   (n)	   in	  each	  experimental	   condition	   is	   indicated	   in	   figure	  
legends.	   The	   data	  were	   analyzed	   using	   GraphPad	   Prism	   software	   by	   analysis	   of	  
variance	   (ANOVA)	   followed	  by	  unpaired	   t	   test	   (2	  experimental	   conditions)	  or	  by	  
Bonferroni’s	  Multiple	  Comparison	  tests	  (more	  than	  2	  experimental	  conditions).	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Fig.	  1.	  Schematic	  representation	  of	  the	  different	  APP	  split-­‐luciferase	  constructs.	  
(A)	  Schematic	  representation	  of	  the	  different	  human	  APP	  and	  APP	  C-­‐terminal	  fragments	  generated	  
for	   fusion	   to	   the	   humanized	   Gaussia	   luciferase	   moieties	   (hGLuc).	   APPΔC	   corresponds	   to	   APP695	  
deleted	  from	  its	   intracellular	  C-­‐terminal	  domain	  (stop	  after	  the	  KKKQY	  intracellular	  sequence).	  C99	  
and	   C83	   correspond	   to	   the	   APP	   α	   and	   β	   C-­‐terminal	   fragments,	   respectively.	   All	   the	   N-­‐terminally	  
truncated	   CTFs	   are	   fused	   to	   the	   APP	   signal	   peptide	   (SP).	   Abbreviations	   are	   as	   follows:	   TM,	  
transmembrane;	   JM,	   juxtamembrane;	   AICD,	   APP	   intracellular	   domain;	   ext,	   extracellular;	   int,	  
intracellular.	  The	  positions	  of	  Flemish	  and	  mutant	  5	  (mut5)	  mutations	  are	  underlined	  and	  amino	  acid	  
substitutions	  are	  in	  red.	  The	  cleavage	  sites	  of	  α	  (α)-­‐,	  β	  (β)-­‐	  and	  γ	  (γ	  and	  ε)-­‐secretases	  are	  indicated	  by	  
arrows.	   (B)	   Schematic	   representation	   of	   APP	   constructs	   fused	   to	   hGLuc	   moieties	   (hGLuc1	   and	  
hGLuc2).	   The	   epitopes	   of	   the	   human-­‐specific	   W0-­‐2	   antibody,	   the	   APP	   C-­‐terminal	   and	   hGLuc	  
antibodies	  are	  indicated.	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APP	   and	   APP	   C-­‐terminal	   fragments	   dimerization	   in	   cells	   analyzed	   by	  
luciferase	  complementation	  assays	  
To	   analyze	   human	   APP	   dimerization	   and	   the	   contribution	   of	   its	   extracellular,	  
juxtamembrane/transmembrane	  (JM/TM)	  and	  intracellular	  (AICD)	  domains	  to	  this	  
process,	   we	   generated	   vectors	   expressing	   the	   full-­‐length	   and	   truncated	   APP	  
proteins	   (Fig.	  1A)	   fused	   to	  complementary	  humanized	  Gaussia	   luciferase	   (hGluc)	  
fragments	  referred	  to	  as	  hGluc1	  and	  hGluc2	  corresponding	  to	  N-­‐terminal	  and	  C-­‐
terminal	   moieties,	   respectively.	   C99	   and	   C83	   correspond	   to	   β-­‐	   and	   α-­‐secretase	  
cleavage	  products	  fused	  to	  the	  APP	  signal	  peptide.	  APPDC	  corresponds	  to	  the	  APP	  
protein	  truncated	  after	  the	  KKKYQ	  sequence	  at	  the	  TM/intracellular	  interface.	  To	  
analyze	   the	   role	   of	   membrane	   GXXXG	   motifs	   in	   dimerization,	   we	   generated	   2	  
mutants	  modifying	  the	  interactive	  properties	  of	  the	  GXXXG	  interface	  [19,24].	  The	  
first	   mutation	   corresponds	   to	   the	   FAD	   Flemish	   mutation	   (A617G,	   APP695	  
numbering	  or	  A21G,	  Aβ	  numbering).	   It	   extends	   the	  GXXXG	   interface	   and	  helical	  
structure	   of	   the	   surrounding	   residues	   [29].	   The	   double	   GG625/629LL	   mutant	  
(GG29/33LL,	  Aβ	  numbering)	  hereafter	  referred	  as	  mutant	  5	  (mut5)	  carries	  glycine	  
to	   leucine	   mutations	   of	   the	   central	   GXXXG	   motif.	   These	   mutations	   have	   been	  
previously	   reported	   to	   affect	   interaction	   of	   APP	   TM	   helices	   and	   strongly	   impair	  
amyloidogenic	  processing	  [19].	  As	  a	  positive	  control,	  we	  used	  yeast	  transcription	  
factor	  GCN4	  leucine	  zipper	  fusion	  proteins	  (Zip-­‐hGLuc1	  and	  Zip-­‐	  hGLuc2)	  [37].	  The	  
leucine	   zipper	   of	   GCN4	   is	   a	   strong	   dimerization	   domain.	   All	   the	   constructs	  
generated	  for	  this	  study	  are	  represented	  in	  Fig.	  1A	  and	  B.	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Fig.	   2.	   Dimerization	   of	   APP	   and	   APP	   C-­‐terminal	   fragments	   in	   living	   cells	  measured	   by	   the	   split-­‐
luciferase	  complementation	  assay.	  
(A)	  Validation	  of	   the	   luciferase	  complementation	  assay	   for	  measuring	  protein	  dimerization	   in	  CHO	  
cells.	   Cells	   were	   transfected	   with	   the	   control	   empty	   vector	   (mock)	   or	   the	   GCN4	   leucine	   zipper–
coding	  sequences	  fused	  to	  hGLuc	  moieties	  (Zip-­‐hGluc1	  and	  2).	  Expression	  of	  the	  fusion	  proteins	  was	  
checked	   in	   cell	   lysates	   by	   Western	   blotting	   with	   the	   hGLuc	   antibody	   (top).	   Luciferase	   activity	  
(bioluminescence)	   was	   measured	   and	   expressed	   as	   RLU	   (bottom).	   Values	   (means	   ±	   SEM)	   are	  
representative	   of	   3	   independent	   experiments	   (n	   =	   4	   in	   each	   experiment).	   ***p	   <	   0.0001,	   as	  
compared	   to	   control	   (mock).	   APP-­‐hGLuc1	   and	   2	   (B),	   C99-­‐hGLuc1	   and	   2	   (C)	   or	   C83-­‐hGLuc1	   and	   2	  
proteins	   (D)	   were	   transfected	   in	   CHO	   cells.	   Protein	   expression	   was	   monitored	   in	   cell	   lysates	   by	  
Western	  blotting	  with	  the	  W0-­‐2	  and	  hGluc	  antibodies	  (top	  panels).	  Luciferase	  activity	  was	  measured	  
and	   expressed	   as	   RLU	   (bottom).	   Values	   (means	   ±	   SEM)	   are	   representative	   of	   3	   independent	  
experiments	  (n	  =	  4	  in	  each	  experiment).	  ***p	  <	  0.0001,	  as	  compared	  to	  control	  (mock).	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We	  first	  validated	  the	  luciferase	  complementation	  approach	  as	  a	  tool	  to	  measure	  
protein	   dimerization	   in	   living	   CHO	   cells	   by	   measuring	   bioluminescence	   upon	  
transfection	  with	  the	  GCN4	   leucine	  zipper	  hGLuc	  constructs.	  Western	  blotting	  of	  
cell	  lysates	  indicated	  that	  Zip-­‐hGLuc1	  and	  Zip-­‐hGLuc2	  were	  detected	  as	  17	  and	  18	  
kDa	   bands	   recognized	   by	   the	   polyclonal	   anti-­‐hGLuc	   antibody	   (Fig.	   2A).	  
Transfection	   of	   Zip-­‐hGLuc1	   and	   Zip-­‐hGLuc2	   alone	   did	   not	   generate	   any	  
bioluminescent	   signal	   whereas	   co-­‐transfection	   of	   both	   generated	   high	   levels	   of	  
luciferase	   activity	   (Fig.	   2A).	   Co-­‐expression	   of	   the	   hGLuc1	   and	   hGLuc2	   moieties	  
alone	  (not	  fused	  to	  any	  APP	  protein	  sequence)	  did	  not	  generate	  luciferase	  activity	  
(data	  not	  shown).	  This	  clearly	  validated	  the	  luciferase	  complementation	  approach	  
as	  a	  very	  sensitive	  tool	  to	  measure	  dimerization	  in	  cells.	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Fig.	  3.	  Localization	  of	  split-­‐luciferase	  constructs	  in	  CHO	  cells.	  Cells	  were	  co-­‐transfected	  with	  the	  two	  
split-­‐luciferase	  constructs	  expressing	  either	  APP	  C99	  or	  C83.	  Nuclei	  were	  stained	  with	  DAPI,	  and	  APP	  
fusion	  constructs	  were	  stained	  by	  the	  W0-­‐2	  and/or	  hGLuc	  antibodies.	  Scale	  bar:	  5	  μm.	  
	  
	  
Fig.	  4.	  Comparison	  of	  APP	  and	  APP	  C-­‐terminal	  fragment	  dimerization.	  Cells	  were	  transfected	  with	  
the	   control	  empty	  vector	   (mock),	   the	  APP-­‐hGLuc1	  and	  2,	  C99-­‐hGLuc1	  and	  2	  or	  C83-­‐hGLuc1	  and	  2	  
constructs.	  (A)	  Protein	  expression	  was	  monitored	  in	  cell	  lysates	  by	  Western	  blotting	  with	  the	  W0-­‐2,	  
Cter	  or	  hGLuc	  antibodies.	  (B)	  Luciferase	  activity	  was	  measured	  and	  expressed	  as	  RLU	  normalized	  to	  
APP	  (set	  to	  100%).	  Values	  (means	  ±	  SEM)	  are	  representative	  of	  3	  independent	  experiments	  (n	  =	  4	  in	  
each	  experiment).	  ***p	  <	  0.001,	  n.s.	  (non-­‐significant),	  as	  compared	  to	  APP-­‐hGLuc1	  and	  2.	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We	  next	  compared	  dimerization	  of	   the	  APP,	  C99	  and	  C83	  constructs	   (Fig.	  2B-­‐D).	  
Immunoblots	  performed	  with	  the	  W0-­‐2	  antibody,	  the	  hGLuc	  antibody	  or	  the	  APP	  
C-­‐terminal	   antibody	   (Cter)	   showed	   that	   all	   constructs	  were	   expressed	   at	   readily	  
detectable	   levels.	   Immunolabelling	   of	   the	   double	   transfected	   cells	   indicated	   a	  
vesicular	   localization	   of	   the	   APP	   fusion	   proteins	   (Fig.	   3),	   particularly	   in	   the	  
perinuclear	   region.	   APP	   hGLuc	   fusion	   proteins	   had	   a	   subcellular	   distribution	  
consistent	   with	   a	   post-­‐ER/cis-­‐Golgi	   localization	   previously	   reported	   for	  
endogenous	  APP	  and	  APP	   fragments,	  but	  also	   for	   fusion	  constructs	  used	   in	   split	  
protein	   assays	   [27,31,40].	   Signals	   of	   antibodies	   directed	   against	   human	   APP	  
epitopes	   (W0-­‐2)	   or	   hGLuc	   epitopes	   completely	   co-­‐localized,	   excluding	   the	  
hypothesis	   that	   spurious	   cleavage	  or	  degradation	  products	   could	  be	   responsible	  
for	  bioluminescent	  signals.	  
After	   normalization	   to	   expression	   levels	   of	   the	   fusion	   proteins	   (Fig.	   4A),	   our	  
results	  indicated	  that	  APP	  dimerizes	  significantly	  more	  (±	  5	  times)	  than	  its	  α	  and	  β	  
C-­‐terminal	   fragments	   (Fig.	   4B).	   Similar	   results	   were	   obtained	   with	   all	   the	  
antibodies	   used	   for	   cell	   lysate	   quantifications	   (W0-­‐2,	   Cter	   or	   hGLuc).	   These	  
observations	  suggest	  that	  C-­‐terminal	  fragments	  of	  APP	  (β	  or	  αCTFs)	  form	  dimers	  
to	  a	  smaller	  extent	   than	  full-­‐length	  APP.	  We	  further	   investigated	  this	  hypothesis	  
by	  treating	  transfected	  cells	  with	  DAPT,	  a	  γ-­‐secretase	  allosteric	  inhibitor,	  inducing	  
the	  accumulation	  of	  γ-­‐secretase	  substrates	  in	  cells.	  DAPT	  effects	  were	  consistent	  
with	   those	  observed	  on	  non-­‐tagged	  human	  APP	   in	   the	   same	  cells	   (Fig.	   5A)	   [19].	  
DAPT	   treatment	   resulted	   mainly	   in	   the	   accumulation	   of	   αCTFs	   (Fig.	   5A	   and	   B).	  
Bioluminescence	   measured	   after	   DAPT	   treatment	   indicated	   a	   small	   -­‐although	  
significant-­‐	  decrease	  in	  APP	  dimerization,	  but	   importantly	  no	  increase	  in	  αCTF	  or	  
βCTF	   dimerization	   was	   measured	   under	   the	   same	   conditions	   (Fig.	   5C).	   Similar	  
results	   were	   observed	   in	   PSdKO	   mouse	   embryonic	   fibroblasts	   (MEFs)	   that	   are	  
devoid	  of	  γ-­‐secretase	  activity	  (data	  not	  shown).	  Together,	  these	  data	  indicate	  that	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Fig.	   6.	   Involvement	   of	   GXXXG	   motifs	   in	   CTF	   dimerization	   and	   Aβ	   production.	   CHO	   cells	   were	  
transfected	   with	   C99-­‐hGLuc1	   and	   2	   or	   C83-­‐hGLuc1	   and	   2	   and	   their	   Flemish	   (Fle)	   and	   mutant	   5	  
(mut5)	  corresponding	  mutants.	  (A)	  Cells	  transfected	  with	  the	  control	  empty	  vector	  (mock),	  the	  C99-­‐
hGLuc1	   and	   2,	   C99Fle-­‐hGLuc1	   and	   2	   or	   C99mut5-­‐hGLuc1	   and	   2	   proteins.	   Protein	   expression	   was	  
monitored	   in	   cell	   lysates	   by	   Western	   blotting	   with	   the	   W0-­‐2	   or	   hGluc	   antibodies	   (top	   panels).	  
Luciferase	  activity	  was	  measured	  and	  expressed	  as	  RLU	  normalized	  to	  non-­‐mutated	  C99	  (bottom).	  
Values	  (means	  ±	  SEM)	  are	  representative	  of	  5	  independent	  experiments	  (n	  =	  4	  in	  each	  experiment).	  
*p	  <	  0.05,	  **p	  <	  0.01	  and	  ***p	  <	  0.001,	  as	  compared	  to	  C99-­‐hGLuc1	  and	  2.	  (B)	  Cells	  transfected	  with	  
the	  control	  empty	  vector	  (mock),	  the	  C83-­‐hGLuc1	  and	  2,	  C83Fle-­‐hGLuc1	  and	  2	  or	  C83mut5-­‐hGLuc1	  
and	  2	  proteins.	  Protein	  expression	  was	  monitored	  in	  cell	  lysates	  by	  Western	  blotting	  with	  the	  Cter	  or	  
hGLuc	  antibodies	  (top	  panels).	  Luciferase	  activity	  was	  measured	  and	  expressed	  as	  RLU	  normalized	  to	  
non-­‐mutated	  C83	  (bottom).	  Values	  (means	  ±	  SEM)	  are	  representative	  of	  3	  independent	  experiments	  
(n	   =	   4	   in	   each	  experiment).	   *p	  <	   0.05,	   **p	  <	   0.01	   and	  n.s.	   (non	   significant),	   as	   compared	   to	  C83-­‐
hGLuc1	   and	   2.	   (C)	   Aβ	   38,	   40	   and	   42	   production	   for	   C99-­‐hGLuc1	   and	   2,	   C99Fle-­‐hGLuc1	   and	   2	   or	  
C99mut5-­‐hGLuc1	   and	   2	  was	  measured	   by	   ECLIA	   in	   the	   culture	  media	   and	   given	   in	   pg/ml.	   Values	  
(means	  ±	  SEM)	  are	  representative	  of	  3	  independent	  experiment	  (n	  =	  4	  in	  each	  experiment).	  ***p	  <	  
0.001,	  as	  compared	  to	  non-­‐mutated	  C99.	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APP	   CTFs	   dimerize	   much	   less	   than	   full-­‐length	   APP.	   Their	   accumulation	   by	   a	   γ-­‐
secretase	   inhibitor	   did	   not	   increase	   dimerization,	   suggesting	   that	   only	   a	   pool	   of	  
CTFs	   are	   forming	   dimers,	   which	   are	   not	   accessible	   to	   cleavage	   by	   γ-­‐secretase.	  
DAPT	   treatment	   efficiently	   inhibited	   the	   γ-­‐cleavage	   of	   APP	   split	   luciferase	  
constructs,	  as	  evidenced	  by	  the	  strong	  inhibition	  of	  Aβ	  release	  (Fig.	  5D).	  
	  
GXXXG	  motifs	  are	  not	  critical	  for	  CTFs	  dimerization	  
Our	   recent	   work	   showed	   that	   mutation	   of	   the	   GXXXG	   motifs	   modifies	   TM	  
interactions	   of	   the	   APP	   CTFs	   [19].	   To	   determine	   whether	   GXXXG	   motifs	   are	  
involved	   in	   CTFs	   homo-­‐dimerization	   by	   a	   quantitative	   approach,	   we	   compared	  
dimerization	   of	   C99	   (corresponding	   to	   the	   βCTF	   of	   APP),	   C99	   with	   the	   Flemish	  
mutation	   or	   C99	   mut5	   (Fig.	   1A).	   Both	   C99	   mutants	   exhibited	   the	   same	  
dimerization	  profile	  as	  wild-­‐type	  C99	   (Fig.	  6A).	   Similar	  experiments	  were	  carried	  
out	  with	  C83	  constructs,	  corresponding	  to	  the	  APP	  αCTF.	  C99	  and	  C83	  constructs	  
had	   similar	   expression	   profiles	   (Fig.	   6B).	   Both	   the	   Flemish	   mutant	   and	   mut5	  
showed	   a	   slight	   but	   significant	   decrease	   in	   dimerization	   of	   C99.	   For	   C83,	  
dimerization	   of	   the	   Flemish	   mutant	   was	   slightly	   but	   significantly	   increased,	  
whereas	   dimerization	   of	  mut5	  was	   not	   affected.	  Mutation	   of	   the	  GXXXG	  motifs	  
was	   reported	   to	   dramatically	   impact	   Aβ	   production	   (Fig.	   6C).	   We	   previously	  
showed	  [19,29]	  that	  the	  Flemish	  FAD	  mutation	  increased	  Aβ	  production	  whereas	  
mutant	  5	  strongly	  decreased	  it.	  Our	  data	  (Fig.	  6)	  indicate	  that	  mutations	  of	  GXXXG	  
motifs	   strongly	   affect	   APP	   γ-­‐cleavage	   without	   a	   corresponding	   change	   in	  
dimerization	  of	  the	  APP	  CTFs.	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Fig.	  7.	   Influence	  of	   the	   intracellular	   in	  APP	  dimerization.	   (A)	  Protein	  expression	  was	  monitored	  in	  
cell	   lysates	  by	  Western	  blotting	  with	   the	  W0-­‐2	  or	  hGluc	  antibodies	   (left	  panel).	   Luciferase	  activity	  
was	  measured	  and	  expressed	  as	  RLU	  normalized	  to	  APP	  (set	  to	  100%,	  right	  panel).	  Values	  (means	  ±	  
SEM)	  are	  representative	  of	  2	  independent	  experiments	  (n	  =	  4	  in	  each	  experiment).	  ***p	  <	  0.001,	  as	  
compared	   to	   APP-­‐hGLuc1	   and	   2.	   (B)	   sAPPα	   and	   β	   production	   of	   APP-­‐hGLuc1	   and	   2	   and	   APPΔC-­‐
hGLuc1	   and	   2	   constructs	  were	  monitored	   by	   ECLIA	   in	   the	   culture	  media	   of	   cells	   and	   are	   given	   in	  
ng/ml.	  *p	  <	  0.05	  and	  ***p	  <	  0.001,	  as	  compared	  to	  non-­‐transfected	  cells	  or	  as	   indicated.	  Ratio	  of	  
sAPPα	  on	  sAPPβ	  produced	  was	  calculated	  in	  the	  same	  experiments.	  **p	  <	  0.01,	  as	  compared	  to	  APP-­‐
hGLuc1	  and	  2	  (C)	   Immunostaining	  of	  cells	  co-­‐expressing	  APP	  or	  APPΔC	  constructs	  of	  either.	  Nuclei	  
were	   stained	   with	   DAPI,	   and	   APP	   fusion	   constructs	   were	   stained	   by	   the	   W0-­‐2	   and/or	   hGLuc	  
antibodies.	  Scale	  bar:	  5	  μm.	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APP	  C-­‐terminal	  region	  regulates	  APP	  dimerization	  and	  non-­‐amyloidogenic	  
processing	  
We	   finally	   examined	   the	   role	   of	   the	   APP	   intracellular	   C-­‐terminal	   domain	   in	  
dimerization.	  We	   generated	   APPΔC	   split-­‐luciferase	   constructs,	   corresponding	   to	  
APP	  deleted	  from	  its	  intracellular	  region	  (Fig.	  1).	  Indeed,	  much	  attention	  has	  been	  
given	   so	   far	   to	   the	   contribution	   of	   the	   extracellular	   and	   TM	   domains	   to	   APP	  
dimerization,	  but	  nothing	  is	  known	  about	  the	  role	  of	  its	  intracellular	  region.	  Both	  
APP	   and	   APPΔC	  were	   recognized	   by	   the	  W0-­‐2	   and	   hGLuc	   antibodies,	   and	   both	  
constructs	   were	   expressed	   at	   similar	   levels	   (Fig.	   7A).	   Immunostaining	   (Fig.	   7C)	  
indicated	   that	   APP	   and	  APPΔC	  displayed	   similar	   subcellular	   distribution	   profiles.	  
Results	   in	   Fig.	   7A	   clearly	   showed	   that	   APPΔC	   formed	  more	   dimers	   than	   APP	   in	  
cells.	   Expression	   of	   C99	   constructs	   identically	   lacking	   their	   intracellular	   domains	  
(C55)	  led	  to	  the	  same	  increased	  dimerization	  (data	  not	  shown).	  To	  know	  whether	  
this	   drastic	   change	   in	   dimerization	   is	   related	   to	   APP	  metabolism,	   we	  measured	  
sAPPα	   and	   sAPPβ	   levels	   produced	   by	   those	   cells.	   Soluble	   APPα	   and	   sAPPβ	  
production	  are	  indicators	  of	  the	  ectodomain	  shedding	  occurring	  as	  a	  first	  step	  of	  
the	   non-­‐amyloidogenic	   and	   amyloidogenic	   processing,	   respectively.	   Cells	  
expressing	   APPΔC-­‐hGLuc	   showed	   increased	   sAPPα	   levels	   and	   reduced	   sAPPβ	  
production.	  The	  ratio	  between	  sAPPα	  and	  sAPPβ	  significantly	  increased,	  indicating	  
that	  APPΔC	  metabolism	  is	  shifted	  towards	  non-­‐amyloidogenic	  processing.	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DISCUSSION	  
	  
Dimerization	  appears	  to	  be	  a	  key	  modulator	  of	  APP	  processing	  and	  function.	  APP	  
shares	   many	   features	   with	   cell	   adhesion	   molecules	   and	   TM	   receptors	   [9].	   APP	  
homo-­‐	   and	   hetero-­‐association	   are	   involved	   in	   transcellular	   interactions	   [11].	  
Homodimerization	   was	   proposed	   to	   directly	   correlate	   to	   amyloidogenic	  
processing	   and	   Aβ	   production.	   We	   and	   others	   found	   that	   disruption	   of	   TM	  
interaction	  motifs	   leads	   to	   impaired	   Aβ	   production	   [18,19],	   suggesting	   that	   the	  
formation	   of	   dimeric	   amyloidogenic	   CTFs	   is	   a	   control	   mechanism	   of	   APP	   γ-­‐
cleavage.	   However,	   whether	   dimerization	   promotes	   or	   inhibits	   processing	   itself	  
has	  been	  a	  matter	  of	  debate	  [25,26].	  Recent	  studies	  indicated	  that,	  in	  contrast	  to	  
Aβ	   production,	   dimerization	   is	   not	   altered	   in	   FAD	  mutants	   [27],	   challenging	   the	  
hypothesis	  that	  dimerization	  is	  involved	  in	  amyloidogenic	  processing.	  Indeed,	  the	  
extent	   of	   APP	   and	   APP	   CTFs	   dimerization	   in	   cells,	   its	   relation	   to	   amyloidogenic	  
processing	   and	   the	   contribution	   of	   the	   different	   APP	   domains	   in	   this	   process	  
remain	  unclear	  and	  poorly	  known.	  
APP	  homo-­‐	  and/or	  hetero-­‐dimerization	  have	  been	  reported	  so	  far	  using	  different	  
approaches,	   including	   co-­‐immunopreciptation	   and	   non-­‐denaturing	  
electrophoresis,	   FRET-­‐based	   assays	   and	   split-­‐protein	   assays	   [19,27,41].	   We	  
recently	   used	   the	   bimolecular	   fluorescence	   complementation	   (BiFC)	  method,	   or	  
split-­‐YFP,	   to	   analyze	   dimerization	   of	   APP695	   and	   APP751	   isoforms	   [17,31].	   This	  
method	  has	  gained	  popularity	  in	  the	  field	  to	  study	  protein–protein	  interactions	  in	  
living	  cells	   [13,42].	   Its	  major	  advantage	   is	   to	  allow	  direct	  visualization	  of	  protein	  
interactions	   without	   the	   use	   of	   biochemical	   reagents	   or	   antibodies	   that	   might	  
themselves	  modify	   the	  dimerization	  properties	  of	   the	  proteins	   investigated.	  The	  
major	  drawbacks	  of	  BiFC	  are	  that	  the	  fluorescent	  protein	  halves	  are	  prone	  to	  self-­‐
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assembly	   independent	  of	   a	  protein–protein	   interaction	  event,	   and	   that	   the	   split	  
position	   promotes	   irreversible	   self-­‐interaction	   of	   the	   two	   non-­‐fluorescent	  
fragments,	  which	  may	   result	   in	   the	  detection	  of	   false	  positive	   signals	   [43].	  Here	  
we	   used	   the	   split	   Gaussia	   luciferase	   assay,	   a	   more	   recent,	   quantitative	   and	  
dynamic	   complementation	   method	   to	   circumvent	   drawbacks	   of	   previous	   split	  
protein	  approaches	  [37].	  The	  humanized	  Gaussia	  princeps	   luciferase	  (hGLuc)	  can	  
generate	  over	  100-­‐fold	  higher	  bioluminescent	  signal	  than	  other	  luciferases	  and	  is	  
the	  smallest	  known	  coelenterazine-­‐using	   luciferase,	  making	   it	  an	   ideal	  candidate	  
for	  protein	  complementation	  assays.	  
APP	  and	  the	  various	  APP	  C-­‐terminal	   fragments	   fused	  to	  the	  split-­‐protein	  used	   in	  
our	  study	  were	  readily	  expressed	  in	  CHO	  cells	  and	  detectable	  by	  Western	  blotting	  
by	  different	  antibodies,	  thus	  allowing	  normalization	  of	  the	  bioluminescence	  to	  the	  
bioluminescent	  protein	  content.	  This	  is	  an	  important	  asset	  when	  compared	  to	  the	  
split	  YFP	  approach	  [31],	  in	  which	  quantitative	  comparison	  of	  protein	  dimerization	  
is	  more	  difficult	  to	  achieve.	  We	  also	  checked	  that	  the	  co-­‐expression	  of	  the	  hGLuc	  
halves	  alone	  do	  not	  generate	  a	  bioluminescent	  signal	  (data	  not	  shown),	  excluding	  
the	  possibility	  that	  the	  luciferase	  protein	  halves	  self-­‐assemble	  independently	  of	  a	  
protein–protein	   interaction	   event,	   a	   critical	   possible	   bias	   in	   split	   protein	   assays	  
[43].	   Grafting	   hGLuc	   halves	   at	   the	   C-­‐terminus	   does	   not	   impair	   APP	   subcellular	  
localization	   or	   processing.	   The	   split	   luciferase	   assays	   we	   developed	   appeared	  
therefore	  as	  a	  very	  sensitive	  and	  reliable	  tool	  to	  decipher	  the	  mechanisms	  of	  APP	  
dimerization	  in	  cells.	  
We	   first	   observed	   that	   full	   length	   APP	   dimerizes	   more	   than	   its	   C-­‐terminal	  
fragments.	  At	  similar	  expression	  levels,	  the	  extent	  of	  APP	  dimerization	  is	  at	  least	  5	  
times	   higher	   than	   for	   C99	   or	   C83.	   C99	   and	   C83	   seem	   to	   have	   only	   poor	   and	  
restricted	   dimerization	   properties	   [30].	   Their	   accumulation	   upon	   cell	   treatment	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with	  a	   γ-­‐secretase	   inhibitor	   (DAPT)	  does	  not	   increase	   the	  bioluminescent	   signal.	  
This	   observation	   strongly	   argues	   that	   CTF	   dimers	   are	   not	   substrates	   of	   the	   γ-­‐
secretase.	   Under	   the	   same	   conditions	   (DAPT	   treatment),	   APP	   dimerization	   was	  
slightly	   but	   significantly	   reduced	   although	   cellular	   levels	   of	   the	   protein	   were	  
unchanged.	  One	  possible	  interpretation	  to	  this	  unexpected	  observation	  is	  that	  the	  
accumulation	  of	  CTFs	  (endogenous	  or	  hGLuc	  tagged)	  upon	  DAPT	  treatment	  could	  
interfere	  with	  full-­‐length	  APP	  dimerization.	  This	  seems	  to	  be	  indeed	  the	  case	  since	  
co-­‐transfection	   of	   APP-­‐hGLuc	   and	   C83-­‐hGLuc	   formed	   dimers	   to	   a	   lesser	   extent	  
than	  APP	  homodimers	  (see	  Supplementary	  Fig.	  S1).	  
Previous	  studies	  have	  shown	  that	  APP	  dimers	  can	  be	  readily	  observed	  in	  cells	  and	  
that	  dimers	  are	  formed	  in	  the	  early	  secretory	  pathway	  [31].	  Our	  results	  are	  in	  line	  
with	   these	   observations,	   and	   confirm	   that	   determinants	   playing	   a	  major	   role	   in	  
APP	   dimerization	   (E1	   and	   KPI	   domains)	   are	   located	   in	   its	   extracellular	   region	  
[15,31].	  Dimerization	  driven	  by	  ectodomain	  regions	  appears	  as	  a	  key	  mechanism	  
for	   APP	   trafficking	   to	   the	   cell	   surface	   [15,16].	   Much	   more	   attention	   has	   been	  
recently	   given	   to	   dimerization	   of	   the	   APP	   JM/TM	   regions	   and	   the	   role	   of	   these	  
regions	  in	  amyloidogenic	  processing	  and	  Aβ	  production.	  APP	  contains	  3	  in-­‐register	  
GXXXG	  motifs	   that	   start	   in	   the	   extracellular	   JM	   sequence	   and	   continue	   into	   the	  
TM	  domain.	  These	  motifs	  are	  well	  known	  to	  stabilize	  TM	  protein	   interactions	  by	  
close	  apposition	  of	  TM	  α-­‐helices	  [44,45].	  
Structural	   approaches	   have	   established	   that	   APP	   JM/TM	   sequences	   interact	  
through	   GXXXG	   motifs	   interfaces	   [28–30].	   Mutations	   of	   these	   motifs	   strongly	  
modulate	   their	   interaction	   and	   impair	   Aβ	   production	   [18,19].	   We	   found	   in	   a	  
previous	  study	  [17]	  that	  mutation	  of	  GXXXG	  motifs	  did	  not	  affect	  dimerization	  of	  
full	   length	   APP.	  We	   confirmed	   by	   the	   split	   luciferase	   system	   that	  mutation	   in	   a	  
critical	   GXXXG	   motif	   (mut5)	   has	   no	   effect	   on	   full-­‐length	   APP	   dimerization	   (see	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Supplementary	   Fig.	   S2).	   In	   addition,	   GXXXG	   mutations	   did	   no	   modify	   the	  
sAPPα/sAPPβ	  ratio,	  excluding	  the	  hypothesis	  that	  they	  indirectly	  contribute	  to	  the	  
production	  of	  Aβ	  by	   facilitating	   the	   shedding	  of	   the	  of	  APP	  ectodomain	   through	  
the	  α-­‐	  or	  β-­‐secretase	  pathways.	  This	  strongly	  suggested	  that	  GXXXG	  motifs	  might	  
play	   a	   critical	   role	   in	   APP	   CTF	   dimerization,	   after	   the	   removal	   of	   the	   bulky	  
ectodomain	   by	   α-­‐	   or	   β-­‐secretase.	  We	   directly	   addressed	   this	   point	   by	  mutating	  
the	  GXXXG	  motifs	  in	  C99	  and	  C83	  (corresponding	  to	  β	  and	  αCTF,	  respectively)	  and	  
measuring	  the	  effect	  on	  dimerization	  by	  the	  split	  luciferase	  assay.	  We	  analyzed	  2	  
different	  mutants:	  mut5	  with	  mutations	  of	  the	  central	  GXXXG	  motif	  (GG29/33LL)	  
disrupting	   the	   GXXXG	   interface	   and	   the	   FAD	   Flemish	   mutant	   (A21G)	   adding	   a	  
fourth	   in	   register	  GXXXG	  motif	   extending	   the	  GXXXG	   interface.	  These	  mutations	  
had	   only	   a	   very	   moderate	   effect	   on	   C83	   and	   C99	   dimerization.	   No	   consistent	  
effect	  was	  measured	  with	  C83	  mut5	  and	  A21G	  constructs.	  Decreased	  dimerization	  
was	   measured	   for	   both	   mutated	   C99	   constructs,	   although	   the	   effect	   was	  
moderate.	  These	  observations	  first	  indicate	  that	  C99	  and	  C83	  dimerization	  might	  
be	   different,	   due	   to	   determinants	   located	   between	   the	  α-­‐	   and	   β-­‐cleavage	   sites.	  
Contrary	   to	   what	   was	   previously	   suggested,	   mutation	   of	   GXXXG	   motifs	   do	   not	  
trigger	   the	   formation	   of	   stable	   TM	   dimers	   through	   the	   GXXXA	   motif	   located	  
downstream	   [19].	   Importantly,	   there	   was	   no	   direct	   relationship	   between	   the	  
effects	  of	  the	  mutation	  on	  dimerization	  and	  Aβ	  production.	  The	  Flemish	  mutation	  
significantly	  increased	  Aβ	  release,	  whereas	  mut5	  blocked	  it.	  This	  is	  consistent	  with	  
very	   recent	   results	   showing	   an	   independent	   relationship	   between	   APP	  
dimerization	   and	   γ-­‐secretase	   processivity	   [26,27,36].	   Rather	   than	   changing	  
dimerization,	  mutation	   of	   glycine	   residues	   in	   the	   GXXXG	  motifs	  might	   induce	   a	  
conformational	   change	   increasing	   the	   fitness	   of	   the	   substrate	   for	   γ-­‐secretase	  
activity,	  and	  thus	  Aβ	  production	  [29].	  In	  fact,	  the	  GXXXG	  motif	  has	  been	  shown	  to	  
interact	   with	   NSAIDs	   and	   cholesterol,	   playing	   the	   role	   of	   a	   cholesterol	   sensor	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pocket	   [30,35].	   JM/TM	   regions	   are	   sensitive	   to	   the	  membrane	   lipid	   context	   and	  
are	  targeted	  by	  drugs	  acting	  as	  γ-­‐secretase	  modulators,	  but	  probably	  independent	  
of	  their	  dimerization	  properties.	  It	  would	  be	  of	  interest	  to	  evaluate	  with	  the	  split	  
luciferase	   assay	   how	   these	   compounds	   impact	   dimerization,	   if	   GXXXG	   mutants	  
show	   different	   sensitivities,	   and	   how	   they	   can	   be	   related	   to	   their	   modulatory	  
effect	  on	  Aβ	  production.	  
One	   major	   finding	   in	   this	   study	   is	   that	   deletion	   of	   APP	   intracellular	   domain	  
importantly	   increased	  its	  dimerization.	  So	  far,	  the	  intracellular	  domain	  has	  never	  
been	   shown	   to	   influence	   APP	   dimerization.	   We	   built	   AICD	   split-­‐luciferase	  
constructs	  and	  found	  that	  AICD	  does	  not	  dimerize	  by	  itself	  (data	  not	  shown).	  One	  
possible	  explanation	  could	  be	  that	  the	  interaction	  of	  the	  APP	  intracellular	  region	  
with	  proteins	  like	  G0	  protein	  or	  Fe65	  [46,47]	  favors	  dimerization.	  Indeed,	  APP	  has	  
been	  shown	  to	  interact	  with	  adaptor	  proteins	  like	  Fe65	  by	  its	  YENPTY	  intracellular	  
motif	   [48,49]	   and	   this	   association	   could	   impair	   or	   compete	   with	   dimerization.	  
When	  we	  expressed	  Fe65	  together	  with	  APP	  in	  CHO	  cells	  we	  did	  not	  modify	  APP	  
dimerization	  measured	  by	  split-­‐luciferase	  (see	  Supplemen-­‐	  tary	  Fig.	  S3).	  This	  does	  
not	   exclude	   the	   possibility	   that	   other	   unknown	   interacting	   protein	   modulate	  
dimerization.	   An	   alternative	   hypothesis	   could	   be	   that	   dimerization	   is	   related	   to	  
trafficking,	  which	   in	   turn	   impacts	  processing.	  APPΔC	   is	  directed	   to	   the	   secretory	  
pathway	   but	   cannot	   be	   internalized	   properly	   due	   to	   loss	   of	   the	   NPTY	  
internalization	  motif	   [31,50].	  At	   this	   stage,	  we	   cannot	  define	  whether	   increased	  
dimerization	  of	  APPΔC	  is	  the	  cause	  or	  a	  consequence	  of	  the	  reduced	  endocytosis,	  
but	  we	  can	  propose	  that	  the	  amount	  of	  APPΔC	  stays	  high	  in	  cells	  because	  they	  fail	  
to	   be	   endocytosed	   in	   compartments	   where	   they	   are	   further	   processed.	   This	  
would	  in	  turn	  favor	  its	  non-­‐amyloidogenic	  processing,	  known	  to	  occur	  close	  to	  the	  
cell	   surface.	   This	   is	   consistent	   with	   our	   observations,	   indicating	   that	   increased	  
dimerization	  of	  APPΔC	   is	   linked	  to	   increased	  cleavage	  by	  α-­‐secretase,	   inducing	  a	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shift	   towards	   non-­‐amyloidogenic	   pathway.	   Interestingly,	   compounds	   that	   have	  
been	   shown	   to	   destabilize	   dimerization	   of	   the	  APP	   ectodomain	   indeed	   regulate	  
cleavage	   by	   α-­‐secretase	   [34].	   However,	   the	   question	   of	   whether	   α-­‐secretase	  
cleaves	  APP	  dimers,	  or	  whether	  dimerization	   favors	   trafficking	   to	  compartments	  
where	  a-­‐cleavage	  occurs,	  remains	  totally	  open.	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CONCLUSION	  
	  
We	   used	   the	   recent	   split	   luciferase	   assay	   to	   study	   APP	   dimerization	   in	   cells.	   In	  
contrast	  to	  what	  was	  suggested	  in	  previous	  studies,	  we	  found	  that	  the	  APP	  CTFs	  
(C99	   and	   C83)	   dimerized	   at	   a	   low	   level	   when	   compared	   to	   full-­‐length	   APP.	  
Mutation	   of	   the	   TM	   interaction	   GXXXG	   motifs	   did	   not	   significantly	   affect	   CTF	  
dimerization.	  Combining	  dimerization	  studies	  and	  measurement	  of	  Aβ	  production,	  
we	   found	   that	   there	   is	   no	   direct	   relationship	   between	   APP	   dimerization	   and	   γ-­‐
cleavage.	   In	   fact,	  major	  determinants	   controlling	  APP	  dimerization	  appear	   to	  be	  
its	  intracellular	  domain.	  Increasing	  APP	  dimerization	  favors	  its	  non-­‐amyloidogenic	  
processing.	  This	  brings	  new	  and	  important	  insights	  on	  the	  different	  regions	  driving	  
APP	  dimerization,	  and	  the	  relationship	  between	  dimerization	  and	  processing.	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Supplementary	  Fig.	  1.	  Dimerization	  of	  APP	  and	  C83	  heterodimers.	  
Cells	  were	   transfected	  with	   the	   control	   empty	   vector	   (mock),	   the	  APP-­‐hGLuc1	  and	  2,	  APP-­‐hGLuc1	  
together	  with	  C83-­‐hGluc2	  or	  C83-­‐hGLuc1	  with	  APP-­‐hGLuc2	   constructs.	   (A)	  Protein	  expression	  was	  
monitored	   in	   cell	   lysates	  by	  Western	  blotting	  with	   the	  hGLuc	  antibody.	   (B)	   Luciferase	  activity	  was	  
measured	   and	   expressed	   as	   RLU	   normalized	   to	   APP	   (set	   to	   100%).	   Values	   (means	   ±	   SEM)	   are	  
representative	  of	  3	  independent	  experiments	  (n=4	  in	  each	  experiment).***	  p<0.001	  as	  compared	  to	  
APP-­‐hGLuc1	  and	  2.	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Supplementary	  Fig.	  2.	  Dimerization	  and	  metabolism	  of	  APP	  GXXXG	  mutant	  5.	  	  
CHO	  cells	  were	  transfected	  with	  APP-­‐hGLuc1	  and	  2	  and	  the	  corresponding	  GXXXG	  mutant	  5	  (mut5).	  
(A)	  Protein	  expression	  in	  cells	  transfected	  with	  the	  control	  empty	  vector	  (mock),	  the	  APP-­‐hGLuc1	  or	  
APPmut5-­‐hGLuc1	  and	  2	  proteins	  was	  monitored	  by	  Western	  blotting	  with	   the	  W0-­‐2	  antibody	   (left	  
panel).	   Luciferase	   activity	   was	   measured	   and	   expressed	   as	   RLU	   normalized	   to	   non-­‐mutated	   APP	  
(right	  panel).	  Values	  (means	  ±	  SEM)	  are	  representative	  of	  2	  independent	  experiments	  (n=4	  in	  each	  
experiment).	  n.s.	  (non-­‐significant),	  as	  compared	  to	  APP-­‐hGLuc1	  and	  2.	  (B)	  sAPPα and	  β production	  
of	  APP-­‐hGLuc1	  and	  2	  and	  APPmut5-­‐hGLuc1	  and	  2	  constructs	  were	  monitored	  by	  ECLIA	  in	  the	  culture	  
media	  of	  cells	  and	  are	  given	  in	  ng/ml.	  *	  p<0.05,	  ***	  p<0.001,	  n.s.	  (non-­‐significant),	  as	  compared	  to	  
non-­‐transfected	   cells	   or	   as	   indicated.	   Ratio	   of	   sAPPα to	   sAPPβ was	   calculated	   in	   the	   same	  
experiments.	   n.s.	   (non-­‐significant),	   as	   compared	   to	   APP-­‐hGLuc1	   and	   2.	   (C)	   Aβ38,	   40	   and	   42	  
production	  from	  APP-­‐hGLuc1	  and	  2	  or	  APPmut5-­‐hGLuc1	  and	  2	  was	  measured	  by	  ECLIA	  in	  the	  culture	  
media	  and	  given	  in	  pg/ml.	  Values	  (means	  _	  SEM)	  are	  representative	  of	  3	  independent	  experiments	  
(n=4	  in	  each	  experiment).	  *	  p<0.05,	  ***	  p<0.001,	  as	  compared	  to	  non-­‐mutated	  APP.	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Supplementary	  Fig.	  3.	  Influence	  of	  Fe65	  overexpression	  on	  APP	  dimerization.	  
CHO	  cells	  were	  transfected	  with	  APP-­‐hGLuc1	  and	  2	  or	  APPΔC-­‐hGLuc1	  and	  2	  together	  with	  Fe65.	  (A)	  
Luciferase	   activity	  was	  measured	  and	  expressed	  as	  RLU	  normalized	   to	  APP-­‐hGLuc1	  and	  2	  without	  
Fe65	  overexpression.	  Values	  (means	  ±	  SEM)	  are	  representative	  of	  2	  independent	  experiments	  (n=4	  
in	  each	  experiment).	  *	  p<0.05	  and	  ***	  p	  <	  0.001,	  as	  compared	  to	  APP-­‐	  hGLuc1	  and	  2.	  (B)	  Expression	  
of	   Fe65	   in	   the	   different	   conditions	  was	  monitored	   by	  Western	   blotting	   using	   Fe65	   antibody	   (Cell	  
Signaling,	  Danvers,	  MA).	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1.2 Analysis	   of	   the	   structural	   determinants	   involved	   in	   APP	  
dimerization	  and	  processing	  
	  
Together,	  the	  two	  following	  papers	  derived	  from	  the	  collaboration	  with	  Steven	  O.	  
Smith	  and	  colleagues	  analyzed	  the	  role	  of	  the	  alanine	  21	  and	  the	  LVFF	  motif	  and	  
depicted	   the	   structure	   of	   the	   C99	   extracellular	   domain.	   These	   works	   explained	  
how	   structural	   determinants	   present	   in	   APP	   C-­‐terminal	   fragments	   modulate	  	  	  	  	  	  	  	  	  	  
γ-­‐secretase	  processing	  independently	  of	  dimerization.	  
Conformational	  changes	  induced	  by	  the	  A21G	  Flemish	  mutation	  	  
Author’s	   contribution:	   Measure	   of	   the	   Aβ	   production	   by	   the	   C99	   and	   C55	  
constructs	  with	  the	  Flemish	  (A21G,	  Aβ	  numbering)	  and	  LVFF/AAAA	  mutations.	  
These	  results	  have	  been	  published	  in	  Structure	  by	  Tang	  et	  al.	  in	  2014	  (Annex	  2).	  
Our	  aim	  was	   to	  define	   the	   structural	  determinants	   involved	   in	  APP	  dimerization	  
and	   processing;	   we	   contributed	   to	   the	   work	   of	   Tang	   and	   colleagues	   with	   the	  
analysis	  of	  conformational	  changes	  induced	  in	  APP	  by	  the	  Flemish	  mutation.	  
There	  are	  several	  clusters	  of	  FAD	  mutations	  in	  APP,	  located	  close	  to	  the	  α-­‐,	  β-­‐	  and	  
γ-­‐secretase	   cleavage	   sites.	   These	   specific	   mutations	   impact	   Aβ	   production	   by	  
increasing	   the	   total	   amounts	   of	   Aβ	   or	   favoring	   Aβ42	   over	   the	   shorter	   isoforms.	  
The	  Flemish	  mutation	  cluster	  is	  located	  below	  the	  α-­‐cleavage	  site.	  The	  removal	  of	  
a	  single	  methyl	  group	   in	  the	  Flemish	  mutant	  (A21G	  position)	   increased	  Aβ	   levels	  
by	  approximately	  2-­‐	  to	  4-­‐fold,	  without	  interfering	  with	  the	  α-­‐secretase	  (De	  et	  al.,	  
1998;Tian	  et	  al.,	  2010).	  This	  work	  focuses	  on	  the	  impact	  of	  the	  Flemish	  mutation	  
A21G	  on	  the	  structure	  of	  APP	  and	  its	  processing.	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Fig.	  R1.	  Increase	  of	  Aβ	  Secretion	  in	  the	  A21G	  and	  LVFF	  to	  AAAA	  Mutations	  
(A)	  Sequence	  of	  the	  extracellular	  and	  TM	  regions	  of	  the	  βCTF.	  The	  βCTF	  is	  produced	  by	  β-­‐secretase	  
cleavage	  of	  APP.	  The	  first	  28	  amino	  acids	  form	  the	  extracellular	  region	  of	  the	  βCTF	  and	  contain	  the	  
α-­‐secretase	  cleavage	  site.	  The	  TM	  domain	  (denoted	  by	  vertical	  dashed	  lines)	  contains	  the	  site	  of	  γ-­‐
secretase	   cleavage.	   Both	   the	   extracellular	   and	   TM	   regions	   contain	   sites	   of	   familial	   AD	  mutations,	  
shown	  as	  the	  single-­‐letter	  amino	  acids	  below	  the	  sequence.	  (B)	  Comparison	  of	  the	   levels	  of	  Aβ38,	  
Aβ40,	   and	   Aβ42	   produced	   by	   γ-­‐secretase	   cleavage	   of	   the	   WT	   βCTF,	   A21G,	   and	   LVFF	   to	   AAAA	  
mutants.	  (C)	  Comparison	  of	  the	  levels	  of	  Aβ38,	  Aβ40,	  and	  Aβ42	  produced	  by	  γ-­‐secretase	  cleavage	  of	  
WT	   C55	   and	   the	   corresponding	   A21G	   and	   LVFF	   to	   AAAA	   mutants.	   Statistical	   significance	   was	  
evaluated	  by	  one-­‐way	  ANOVA	  followed	  by	  Dunnett’s	  post	  hoc	  test.	  Values	  are	  the	  means	  ±	  SE,	  n	  >	  5;	  
*p	  <	  0.05;	  **p	  <	  0.01;	  ***p	  <	  0.001,	  compared	  to	  control.	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The	  precise	  structure	  of	  the	  APP	  JM/TM	  region	  has	  already	  been	  shown	  to	  have	  
substantial	   effect	  on	   γ-­‐secretase	  processing.	   The	   L17VFFA21	  motif,	   containing	   the	  
alanine	   21	   is	   an	   inhibitory	   motif.	   Its	   deletion	   increased	   γ-­‐secretase	   efficiency	  
about	  25-­‐fold	  (Fig.R1A)	  (Tian	  et	  al.,	  2010).	  A21G	  mutation	  has	  been	  suggested	  to	  
disrupt	  the	  LVFFA	  effect	  and	  to	  alter	  APP	  interaction	  with	  the	  γ-­‐secretase.	  On	  the	  
opposite,	   the	   G25SNK28	   motif	   located	   few	   residues	   below	   the	   LVFFA	   had	   the	  
opposite	   effect	   (Ren	   et	   al.,2007).	   Structural	   analysis	   of	   the	   C99	   structure	   has	  
shown	  helical	  structures	  for	  the	  LVFF	  sequence	  and	  the	  TM	  domain	  containing	  the	  
GXXXG	  motifs.	  The	  Flemish	  mutation	  can	  therefore	  increase	  the	  helical	  structure	  
and	  influence	  TM	  helices	  dimerization	  and	  processing.	  
In	  this	  paper,	  we	  first	  confirmed	  that	  the	  A21G	  mutation	  and	  the	  LVFF-­‐to-­‐alanine	  
(LVFF/AAAA)	   mutation	   increase	   the	   Aβ	   production	   from	   C99	   (Fig.R1B)	   but	   also	  
from	  C55	   (Fig.R1C).	   C55	   represents	   the	  minimal	   sequence	   containing	   the	   entire	  
TM	  domain	  of	  the	  βCTF	  needed	  for	  γ-­‐secretase	  processing.	  
Measurements	  of	  C55	  structure	   in	   synthetic	  bilayers	  provided	  evidence	   that	   the	  
extracellular	   sequence	   comprising	   the	   LVFF	   motif	   has	   a	   β-­‐strand	   secondary	  
structure.	   The	   Ala21	   is	   at	   the	   edge	   of	   the	   β-­‐sheet	   folding	   and	   its	   mutation	   to	  
glycine	   influences	   the	  upstream	   sequence.	   The	  A21G	  mutation	   resulted	   in	   large	  
chemical	   changes	   in	   the	   F19F20	   and	   Gly25	   residues,	   inducing	   structural	  
modifications	  in	  the	  LVFF	  as	  well	  as	  GSNK	  structures	  and	  favoring	  Aβ	  production.	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Fig.	   R2.	   Involvement	   of	   GXXXG	  motifs	   in	   CTF	   dimerization	   and	   Ab	   production.	   CHO	   cells	   were	  
transfected	   with	   C99-­‐hGLuc1	   and	   2	   or	   C83-­‐hGLuc1	   and	   2	   and	   their	   GXXXG	   Flemish	   (Fle)	   and	  
mutant	  5	  (mut5)	  corresponding	  mutants.	  
(A)	  Cells	   transfected	  with	   the	  control	  empty	  vector	   (mock),	   the	  C99-­‐hGLuc1	  and	  2,	  C99Fle-­‐hGLuc1	  
and	   2	   or	   C99mut5-­‐hGLuc1	   and	   2	   proteins.	   Protein	   expression	   was	   monitored	   in	   cell	   lysates	   by	  
Western	  blotting	  with	  the	  W0-­‐2	  or	  hGluc	  antibodies	  (top	  panels).	  Luciferase	  activity	  was	  measured	  
and	   expressed	   as	   RLU	   normalized	   to	   non-­‐mutated	   C99	   (bottom).	   Values	   (means	   ±	   SEM)	   are	  
representative	  of	  5	  independent	  experiments	  (n	  =	  4	  in	  each	  experiment).*p	  <	  0.05,	  **p	  <	  0.01	  and	  
***p	  <	  0.001,	  as	  compared	  to	  C99-­‐hGLuc1	  and	  2.	  (B)	  Cells	  transfected	  with	  the	  control	  empty	  vector	  
(mock),	   the	   C83-­‐hGLuc1	   and	   2,	   C83Fle-­‐hGLuc1	   and	   2	   or	   C83mut5-­‐hGLuc1	   and	   2	   proteins.	   Protein	  
expression	  was	  monitored	  in	  cell	  lysates	  by	  Western	  blotting	  with	  the	  Cter	  or	  hGLuc	  antibodies	  (top	  
panels).	   Luciferase	   activity	   was	  measured	   and	   expressed	   as	   RLU	   normalized	   to	   non-­‐mutated	   C83	  
(bottom).	   Values	   (means	   ±	   SEM)	   are	   representative	   of	   3	   independent	   experiments	   (n	   =	   4	   in	   each	  
experiment).	  *p	  <	  0.05,	  **p	  <	  0.01	  and	  n.s.	  (non	  significant),	  as	  compared	  to	  C83-­‐hGLuc1	  and	  2.	  (C)	  
Aβ	  38,	  40	  and	  42	  production	  for	  C99-­‐hGLuc1	  and	  2,	  C99Fle-­‐hGLuc1	  and	  2	  or	  C99mut5-­‐hGLuc1	  and	  2	  
was	   measured	   by	   ECLIA	   in	   the	   culture	   media	   and	   given	   in	   pg/ml.	   Values	   (means	   ±	   SEM)	   are	  
representative	  of	  3	  independent	  experiment	  (n	  =	  4	  in	  each	  experiment).	  ***p	  <	  0.001,	  as	  compared	  
to	  non-­‐mutated	  C99.	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Structural	   measurements	   showed	   unambiguously	   that	   the	   A21G	   dimer	   is	  
mediated	  by	  the	  GXXXG	  interface.	  However,	  they	  also	  observed	  that	  the	  Flemish	  
mutation	   only	   had	   a	   small	   impact	   on	   dimerization.	   It	   implies	   that	   the	   large	  
influence	   of	   the	   mutation	   on	   γ-­‐secretase	   processing	   is	   associated	   with	   the	  
structural	  changes	  in	  the	  JM	  domain	  rather	  than	  with	  dimerization.	  These	  results	  
are	  consistent	  with	  our	  data	  published	  in	  FEBS	  Open	  Bio	  showing	  that	  Flemish	  and	  
mut5	   mutations	   have	   strong	   influences	   on	   processing	   (Fig.R2C)	   but	   only	   slight	  
impacts	  on	  dimerization	  of	  CTFs	  measured	  by	  split-­‐luciferase	  (Fig.R2A	  and	  B	  from	  
Fig.6	  Decock	  et	  al.,	  2015).	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Fig.	  R3.	  Sequence	  and	  processing	  of	  C99	  
(a)	   Sequence	  of	   the	  extracellular	   and	   transmembrane	  domains	  of	  C99.	   The	    α-­‐,	  β-­‐	   and	   γ-­‐cleavage	  
sites	  are	  shown.	   	  The	  substrate	  numbering	   is	  based	  on	  the	  APP695	   isoform	  of	  APP,	  where	  Asp597	  
corresponds	  to	  the	  first	  residue	  (i.e.	  Asp1)	  of	  the	  βCTF.	  In	  the	  following,	  we	  use	  the	  βCTF	  numbering,	  
which	   coincides	  with	   the	  numbering	  of	   the	  Aβ	   peptides.	   (b)	   Alanine	   scanning	  mutagenesis	   of	   the	  
extracellular	   domain	   of	   C99	   reveals	   increased	   Aβ	   production.	   Comparison	   of	   the	   levels	   of	   Aβ38,	  
Aβ40	   and	   Aβ42	   produced	   by	   γ-­‐secretase	   cleavage	   of	   wild-­‐type	   βCTF	   and	   the	   corresponding	   N	  
terminal	   alanine	  mutants.	   	  Values	   are	   the	  means	  ±	   S.E.,	   n	   >	  5;	   *,	   p	   <	  0.05;	   **,	   p	  <	  0.01;	   ***,	  p	  <	  
0.001,	  compared	  with	  control.	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The	   LVFF	   motif	   bears	   a	   β-­‐sheet	   structure	   able	   to	   modulate	   the	   γ-­‐
secretase	  processing	  
Author’s	   contribution:	   Measure	   of	   the	   Aβ	   production	   by	   the	   C99	   and	   C55	  
constructs	  comprising	  the	  alanine-­‐scanning	  mutations.	  
These	  results	  are	  in	  submission	  by	  Hu	  Y	  et	  al.	  
It	  has	  already	  been	  suggested	  that	  the	  L17VFFA21	  sequence	  is	  part	  of	  an	  inhibitory	  
motif	  modulating	  γ-­‐secretase	  processing	  (Tian	  et	  al.,	  2010;Tang	  et	  al.,	  2014).	  Upon	  
deletion	  of	   this	  motif	   in	   the	  C99,	   the	  catalytic	  efficiency	  of	  γ-­‐secretase	   increases	  
dramatically.	   It	   was	   demonstrated	   that	   this	   LVFFA	   sequence	   folds	   into	   an	   anti-­‐
parallel	   β-­‐sheet	   secondary	   structure.	   The	   Flemish	   A21G	   mutation	   severely	  
impaired	   the	   inhibitory	   effect	   of	   this	   region,	   implying	   that	   the	   interaction	  
between	  APP	  and	  γ-­‐secretase	  is	  altered	  upon	  mutation.	  The	  conclusions	  from	  the	  
first	   collaboration	   were	   that	   the	   C99	   extracellular	   domain	   has	   a	   β-­‐sheet	  
conformation,	   and	   that	   transition	   region	   between	   the	   extracellular	   and	   TM	  
domain	   has	   a	   substantial	   effect	   on	   the	   position	   of	   γ-­‐cleavage.	   This	   new	   paper	  
focused	   deeper	   on	   the	   role	   of	   each	   motif	   and	   residue	   comprised	   in	   the	  
extracellular/juxtamembranaire	   domain	   of	   APP	   C-­‐terminal	   fragments	   and	   more	  
precisely	  on	  the	  so-­‐called	  LVFFA	  motif.	  
To	  analyze	   the	   impact	  of	  each	  part	  of	   the	  extracellular	  domain	  on	   the	   structure	  
and	   processing	   of	   C99,	   here,	   alanine-­‐scanning	  mutations	  were	   performed	   along	  
the	   whole	   domain	   and	   more	   precisely	   in	   the	   LVFFA	   motif	   (Fig.R3a).	   The	   β-­‐
conformation	  of	  each	  mutant	  was	  assessed	  by	  structural	  analyses	  of	  the	  C55	  (the	  
55-­‐first	   amino	   acids	   of	   the	   C99	   including	   its	   extracellular	   and	   TM	   domain).	  We	  
measured	   the	  Aβ	   levels	  of	   every	  mutant,	  monitoring	   the	   interaction	  with	   the	   γ-­‐
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secretase.	  Finally,	   the	   location	  of	   the	  LVFF	  sequence	  was	  measured	  relatively	   to	  
the	  membrane	  bilayer.	  
Structural	  analysis	  on	  C55	  confirmed	  a	  β-­‐sheet	  secondary	  structure	  in	  the	  YEV	  and	  
LVFF	   sequences,	   roughly	   correlated	   with	   the	   increased	   processing	   upon	   their	  
mutation.	   The	   FF	   residues	   of	   the	   LVFF	   sequence	   and	  more	   particularly	   the	   F19	  
position	   are	   critical	   to	   the	   formation	   of	   the	   β	   structure	   in	   C99	   extracellular	  
domain.	   FF	   are	   part	   of	   an	   inhibitory	  motif	   (LVFFA)	   termed	   ASID	   (APP	   substrate	  
inhibitory	  motif),	  negatively	  modulating	  γ-­‐secretase	  activity	  (Tian	  et	  al.,	  2010).	  The	  
very	   16	   N-­‐terminal	   amino	   acids	   were	   shown	   to	   have	   a	   specific	   role	   in	   the	  
regulation	  of	  the	  ASID	  inhibitory	  potency.	  Mutation	  within	  the	  intervening	  HHQK	  
sequence	  did	  not	  influence	  the	  β-­‐sheet	  band,	  suggesting	  that	  this	  region	  forms	  a	  
loop	  connecting	   the	  YEV	  and	  LVFF	  β-­‐strands.	  The	  LVFF	  sequence	   is	   inserted	   into	  
the	   bilayer	   region	   of	   the	   membrane.	   The	   GYEV	   motif,	   comprised	   in	   the	   16	   N-­‐
terminal	  amino	  acids,	  is	  deleted	  upon	  cleavage	  by	  the	  α-­‐secretase,	  leading	  to	  loss	  
of	  the	  β-­‐sheet	  structure.	  Together,	  these	  data	  suggested	  that	  the	  N-­‐terminal	  part	  
of	   βCTF	   plays	   a	   role	   in	   the	   down-­‐regulation	   of	   APP	   and	   γ-­‐secretase	   interaction.	  
Importantly,	  mutation	  to	  alanine	  of	  YEV	  and	  of	  LVFF	  stretches	  led	  to	  higher	  levels	  
of	   amyloidogenic	   processing	   (Fig.R3),	   further	   supporting	   the	   notion	   that	   these	  
sequences	  cooperate.	  
	  
1. Role	  of	  the	  extracellular	  sequence	  in	  C99	  processing	  
Analyses	   of	   Aβ	   levels	   from	  C99	  with	   alanine	  mutation	   of	   the	  D1A2E3	   and	  D7S8G9	  
sequences	   showed	   a	   reduction	   in	   the	   levels	   of	   Aβ38,	   Aβ40,	   significant	   for	   the	  
Aβ42	  (Fig.R3b).	  The	  highest	  effect	  of	  alanine	  mutation	  within	  the	  N-­‐terminal	  part	  
of	   C99	   laid	   in	   the	   Y10E11V12	   sequence.	   Mutation	   of	   YEV	   to	   AAA	   led	   to	   a	   slight	  
increase	  in	  Aβ38	  and	  Aβ40,	  concomitant	  with	  a	  significant	  increase	  in	  Aβ42.	  These	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results	   indicate	   that	   the	   structure	   or	   interactions	   of	   the	   N-­‐terminal	   residues	   of	  
C99	  also	  influence	  γ-­‐secretase	  processing.	  
Within	  the	  second	  12	  residues	  of	  the	  C99	  sequence,	  mutation	  of	  the	  H13H14Q15K16	  
and	   A21E22D23V24	   sequences	   to	   alanine	   resulted	   in	   slightly	   decreased	   Aβ40	   and	  
Aβ42	   production	   (Fig.R3b).	   	   However,	   mutation	   of	   the	   intervening	   L17V18F19F20	  
sequence	   resulted	   in	   a	   significant	   increase	   in	   secreted	   Aβ40	   and	   Aβ42.	  
Comparison	  of	   the	  mutational	   results	   in	   the	  C99	  ectodomain	  clearly	  showed	  the	  
largest	  influence	  in	  Aβ	  production	  derives	  from	  the	  LVFF	  motif.	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Fig.	  R4.	  	  Processing	  data	  on	  double	  and	  single	  mutants	  within	  the	  LVFF	  sequence	  of	  C99	  
Alanine	   scanning	   mutagenesis	   of	   the	   C99	   LVFF	   motif	   reveals	   the	   critical	   role	   of	   F19	   and	   F20.	  
Comparison	  of	   the	   levels	   of	  Aβ38,	  Aβ40	   and	  Aβ42	  produced	  by	   γ-­‐secretase	   cleavage	  of	  wild-­‐type	  
motif	  (LVFF)	  and	  the	  corresponding	  N	  terminal	  alanine	  mutants.C99	   (a)	  and	  C55	  (b).	  Values	  are	  the	  
means	  ±	  S.E.,	  n	  >	  5;	  *,	  p	  <	  0.05;	  **,	  p	  <	  0.01;	  ***,	  p	  <	  0.001,	  compared	  with	  control.	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2. Phe19	  and	  Phe20	  are	  critical	  determinants	  for	  C99	  and	  C55	  processing	  	  	  
To	   better	   define	   the	   LVFFA	   residues	   involved	   in	   the	   control	   of	   the	   extracellular	  
domain	   structure	   of	   APP,	   single/double	   amino	   acids	   replacements	   were	  
performed	   in	   the	   LVFF	   motif	   of	   C99	   and	   C55.	   In	   the	   C99,	   F19F20	   sequence	  
contributes	   to	   a	   higher	   production	   of	   Aβ40	   and	   Aβ42	   than	   the	   L17V18	   sequence	  
(Fig.R4a).	   The	   individual	  mutation	   of	   FA	   and	   AF	   resulted	   in	   comparable	   effects.	  	  
Mutation	  of	  LVFF	  to	  AAAA	  in	  the	  C55	  resulted	  in	  significant	  increase	  in	  Aβ40	  and	  
Aβ42	  (Fig.R4b).	  However,	  the	  individual	  amino	  acid	  changes	  on	  F19	  led	  to	  higher	  
levels	  of	  secreted	  Aβ40	  and	  Aβ42	  than	  for	  the	  F20A	  mutant.	  
We	  also	   investigated	  the	  dimerization	  of	  the	  C99	  LVFF	  mutant	  by	  split-­‐luciferase	  
assay	   (unpublished	   data).	   On	   the	   contrary	   to	   the	   Flemish	   mutant	   A21G,	   we	  
observed	   a	   strong	   dimerization	   upon	   mutation	   of	   the	   LVFF	   inhibitory	   motif	  
(Fig.R5).	  This	  suggests	  that	  disruption	  of	  the	  LVFF	  inhibitory	  motif	  allows	  stronger	  
interaction	  of	   the	  TM	  helices.	  The	  cleavage	  of	  CTFs	  dimers	  by	   the	  γ-­‐secretase	   is	  
still	   controversial	   and	   needs	   further	   understanding	   (Scheuermann	   et	   al.,	  
2001;Eggert	  et	  al.,	  2009;Winkler	  et	  al.,	  2015).	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Fig.	  R5.	  	  Dimerization	  of	  C99	  Flemish	  (Fle),	  mut5	  (m5)	  and	  LVFF	  mutants	  (unpublished	  data)	  
Cells	  transfected	  with	  the	  control	  empty	  vector	  (mock),	  the	  C99-­‐hGLuc1	  and	  2,	  C99Fle-­‐hGLuc1	  and	  
2,	  C99m5-­‐hGLuc1	  and	  2	   	  or	  C99LVFF-­‐hGLuc1	  and	  2	  proteins.	  Protein	  expression	  was	  monitored	   in	  
cell	   lysates	  by	  Western	  blotting	  with	  the	  W0-­‐2	  or	  hGluc	  antibodies	  (left	  panels).	  Luciferase	  activity	  
was	  measured	   and	   expressed	   as	   RLU	   normalized	   to	   non-­‐mutated	   C99	   (bottom).	   Values	   (means	   ±	  
SEM)	  are	  representative	  of	  5	  independent	  experiments	  (n	  =	  4	  in	  each	  experiment).	  ***p	  <	  0.001,	  as	  
compared	  to	  C99-­‐hGLuc1	  and	  2.	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2. GXXXG/A	   motifs	   in	   the	   formation	   of	   pathogenic	   Aβ	  
oligomers	  
	  
We	   studied	   the	   role	   of	   TM	   GXXXG	   and	   GXXXA	   motifs	   in	   the	   formation	   of	  
pathogenic	  oligomers	  in	  living	  cells.	  Since	  a	  decade,	  there	  is	  growing	  evidence	  that	  
oligomeric	  Aβ	  triggers	  the	  toxicity	  in	  AD	  pathogenesis.	  We	  observed	  a	  unique	  ±25-­‐
30	   kDa	   Aβ	   oligomeric	   form	   produced	   in	   CHO	   cells	   cellular	   compartments	   upon	  
expression	  of	  C99	  and	  C42	   (corresponding	   to	  Aβ42).	   These	  oligomers	   are	  highly	  
stable	  and	  could	  correspond	  to	  hexamers.	  
The	   Aβ	   comprises	   the	   JM/TM	   domain	   of	   APP.	   GXXXG	   TM	   motifs	   has	   been	  
investigated	  in	  full-­‐length	  APP	  and	  CTFs	  but	  it	  remains	  controversial	  whether	  they	  
mediate	   or	   not	   dimerization.	   Here	   we	   analyzed	   the	   role	   of	   G29XXXG33	   and	  
G38XXXA42	   motifs	   in	   the	   formation	   of	   Aβ	   oligomers.	   We	   performed	   alanine	  
mutation	  in	  the	  central	  G29XXXG33	  motif	  (mutant	  5/m5)	  and	  in	  the	  G38XXXA42	  motif	  
(mutant	  A/mA)	  to	  analyze	  their	  oligomerization	  in	  cells.	  
GXXXG	  motifs	  and	  above	  all	  the	  GXXXA	  motif	  were	  critical	  for	  the	  oligomerization	  
process.	   Interestingly,	   the	  GXXXA	  Ala42	   is	   the	   last	   residue	   of	   the	  Aβ42	  peptide,	  
deleted	  in	  the	  Aβ40	  isoform.	  Mutations	  affecting	  both	  GXXXG	  and	  GXXXA	  motifs	  
showed	  intermediate	  oligomers	  production.	  The	  Gly38	  showed	  a	  dominant	  effect	  
and	  reduced	  importantly	  the	  formation	  of	  Aβ	  oligomers.	  Finally,	  these	  assemblies	  
did	   not	   show	   any	   toxicity	   in	   survival	   assay	   but	   highly	   affected	   neuronal	  
differentiation	   in	   a	   model	   of	   cholinergic	   neurons	   (NG108-­‐15).	   NG108-­‐15	   cells	  
treated	   with	   medium	   from	   C42	   and	   C42m5	   enriched	   in	   oligomers,	   showed	  
impaired	   differentiation	   and	   reduced	   neurite	   outgrowth.	   On	   the	   contrary,	   the	  
maturation	   of	   cells	   treated	   with	   media	   of	   C42mA-­‐expressing	   cells,	   in	   which	   no	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oligomeric	   Aβ	   is	   detected,	   had	   an	   appropriate	   differentiation	   pattern	   similar	   to	  
control-­‐treated	  cells.	  
Together,	   our	   data	   suggested	   that	   differentiation	   and	   neurite	   outgrowth	   of	  
neuronal	   cells	   are	   impaired	   by	   the	   presence	   of	   the	   Aβ	   oligomers	   produced	   by	  
living	  cells.	  These	  oligomers	  are	  highly	  stable	  and	  the	  GXXXG/A	  motifs	  present	  in	  
their	  sequence	  are	  critical	  for	  their	  association.	  
This	  work	  has	  been	  submitted	  for	  reviewing	  on	  February	  22nd,	  2016	  in	  Frontiers	  in	  
Aging	  Neuroscience	  in	  the	  format	  of	  the	  following	  paper.	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ABSTRACT	  
	  
Alzheimer’s	   disease	   (AD)	   is	   the	   most	   common	   neurodegenerative	   disorder	  
characterized	  by	  progressive	  cognitive	  decline	   leading	   to	  dementia.	  The	  amyloid	  
precursor	   protein	   (APP)	   is	   a	   ubiquitous	   type	   I	   transmembrane	   (TM)	   protein	  
sequentially	   processed	   to	   generate	   the	   β-­‐amyloid	   peptide	   (Aβ),	   the	   major	  
constituent	  of	  senile	  plaques	  that	  are	  typical	  AD	  lesions.	  There	  is	  a	  growing	  body	  
of	  evidence	  that	  soluble	  Aβ	  oligomers	  correlate	  with	  clinical	  symptoms	  associated	  
with	   the	   disease.	   The	   Aβ	   sequence	   begins	   in	   the	   extracellular	   juxtamembrane	  
region	  of	  APP	  and	   includes	   roughly	  half	  of	   the	  TM	  domain.	   This	   region	   contains	  
GXXXG	  and	  GXXXA	  motifs,	  which	  are	  critical	  for	  both	  TM	  protein	  interactions	  and	  
fibrillogenic	  properties	  of	  peptides	  derived	  from	  TM	  α-­‐helices.	  Glycine-­‐to-­‐leucine	  
mutations	  of	  these	  motifs	  were	  previously	  shown	  to	  affect	  APP	  processing	  and	  Aβ	  
production	   in	   cells.	   However,	   the	   detailed	   contribution	   of	   these	   motifs	   to	   APP	  
dimerization,	   their	   relation	   to	   processing,	   and	   the	   conformational	   changes	   they	  
can	   induce	   within	   Aβ	   species	   remains	   undefined.	   Here,	   we	   describe	   highly	  
resistant	  Aβ42	  oligomers	  that	  are	  produced	  in	  cellular	  membrane	  compartments.	  
They	   are	   formed	   in	   cells	   by	   processing	   of	   the	   APP	   amyloidogenic	   C-­‐terminal	  
fragment	   (C99),	  or	  by	  direct	  expression	  of	  a	  peptide	  corresponding	  to	  Aβ42,	  but	  
not	   to	   Aβ40.	   By	   a	   point-­‐mutation	   approach,	   we	   demonstrate	   that	   glycine-­‐to-­‐
leucine	  mutations	   in	   the	  G29XXXG33	  and	  G38XXXA42	  motifs	  dramatically	  affect	   the	  
Aβ	  oligomerization	  process.	  G33	  and	  G38	  in	  these	  motifs	  are	  specifically	  involved	  
in	   Aβ	   oligomerization;	   the	   G33L	   mutation	   strongly	   promotes	   oligomerization,	  
while	  G38L	  blocks	  it	  with	  a	  dominant	  effect	  on	  G33	  residue	  modification.	  Finally,	  
we	   report	   that	   the	   secreted	   Aβ42	   oligomers	   display	   pathological	   properties	  
consistent	  with	   their	   suggested	   role	   in	  AD,	  but	  do	  not	   induce	   toxicity	   in	   survival	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assays	   with	   neuronal	   cells.	   Exposure	   of	   neurons	   to	   these	   Aβ42	   oligomers	  
dramatically	  affects	  neuronal	  differentiation	  and,	  consequently,	  neuronal	  network	  
maturation.	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INTRODUCTION	  
	  
The	   amyloid	   precursor	   protein	   (APP)	   is	   a	   ubiquitously	   expressed	   type	   1	  
transmembrane	  protein	  (Kang	  et	  al.,	  1987;Selkoe,	  2004)	  whose	  processing	  in	  the	  
amyloidogenic	  pathway	   leads	   to	   the	  production	  of	   the	  β-­‐amyloid	  peptides	   (Aβ).	  
Aβ	   peptides	   are	   the	  major	   constituent	   of	   the	   senile	   plaques,	   a	   hallmark	   of	   AD	  
(Glenner	  and	  Wong,	  1984).	  Mutations	   responsible	   for	   inherited	  AD	  cases	   (early-­‐
onset	  or	   familial	  AD)	  are	   located	   in	   the	  genes	  coding	   for	  APP	  or	   the	  presenilins.	  
The	   presenilins	   (PS1	   and	   PS2)	   are	   the	   catalytic	   subunits	   of	   γ-­‐secretase,	   a	  
multiprotein	  complex	  that	  cleaves	  the	  APP	  β-­‐C-­‐terminal	  fragment	  (βCTF	  or	  C99)	  to	  
generate	  Aβ	  in	  the	  last	  step	  of	  the	  amyloidogenic	  pathway.	  APP	  or	  PS	  mutations	  
typically	   result	   in	   imbalanced	   Aβ	   production	   and	   an	   increased	   Aβ42/Aβ40	   ratio	  
(Selkoe,	   2004).	   These	   observations	   led	   to	   the	   amyloid	   cascade	   hypothesis,	  
predicting	   that	   the	   initial	   steps	   of	   AD,	   which	   initiate	   a	   cascade	   of	   pathogenic	  
events,	   are	   related	   to	   Aβ	   production	   and	   clearance,	   (Hardy	   and	   Allsop,	   1991).	  
Although	   this	   hypothesis	   remains	   a	   matter	   of	   debate	   (Herrup,	   2015),	  
experimental	   lines	   of	   evidence	   from	   cellular	   models,	   transgenic	   animals	   and	  
patient	  brain	  samples	  has	  been	  overwhelming	  (Hardy,	  2009).	  	  
AD	   onset	   and	   progression	   appears	   to	   be	   directly	   linked	   to	   the	   accumulation	   of	  
abnormally	   folded	   Aβ	   assemblies.	   Although	   fibrillogenic	   species	   were	   first	  
suggested	  to	  be	  responsible	  for	  AD-­‐induced	  neurotoxic	  events,	  growing	  evidence	  
shows	   that	   soluble	   Aβ	   oligomers	   are	   more	   strongly	   correlated	   with	   clinical	  
symptoms	  associated	  with	  the	  disease	  (Lesne	  et	  al.,	  2006;McDonald	  et	  al.,	  2010).	  
Different	  Aβ	  oligomers	  have	  been	  described,	  ranging	  from	  dimers	  to	  dodecamers	  
and	   high	   molecular	   weight	   assemblies.	   These	   assemblies	   can	   be	   classified	  
between	   an	   “off-­‐pathway”	   or	   an	   “on-­‐pathway”	   with	   respect	   to	   fibrillization.	  
CHAPTER	  III:	  Results	  	  	  	  	  	  	  	  	  2.	  GXXXG/A	  motifs	  in	  the	  formation	  of	  pathogenic	  Aβ	  oligomers	  
172	  
Soluble	   oligomers	   have	   been	   characterized	   in	   transgenic	   mouse	   brains	  
(Kawarabayashi	   et	   al.,	   2001;Lesne	   et	   al.,	   2006;Shankar	   et	   al.,	   2009;Pham	   et	   al.,	  
2010),	  and	   to	   some	  extent	   in	  brains	  of	  AD	  patients	   (Hayden	  and	  Teplow,	  2013).	  
Still,	   the	   key	   toxic	  Aβ	   species	   remain	  poorly	  defined	   in	   terms	  of	  both	  molecular	  
structure	   and	   relevance	   to	   the	   mechanisms	   underlying	   long	   term	   potentiation	  
defects	  and	  neuronal	  cell	  death.	  
Structural	   studies	   on	   Aβ	   assemblies	   have	   largely	   come	   from	   in	   vitro	  
measurements	   of	   synthetic	   peptides	   corresponding	   to	   Aβ40	   and	   Aβ42.	   Aβ40	   is	  
the	  predominant	   isoform	   (~90%)	  generated	  by	  γ-­‐secretase	  cleavage,	  while	  Aβ42	  
(10%)	   is	   the	   major	   component	   of	   amyloid	   plaques.	   	   Monomeric	   Aβ	   has	  
predominantly	   a	   random	   coil	   structure.	   Monomers	   associate	   into	   small	   MW	  
oligomers	   (dimers	   –	   hexamers)	   which	   are	   able	   to	   associate	   into	   larger	   MW	  
oligomers	   that	   laterally	   associate	   into	  protofibrils.	   The	   conversion	  of	  protofibrils	  
to	   fibrils	   involves	   a	   transition	   to	   cross-­‐β-­‐structure.	   The	   conversion	   involves	  
association	   of	   the	   short	   hydrophobic	   LVFF	   sequence	   with	   the	   hydrophobic	   C-­‐
terminus	  of	  Aβ	  (Fu	  et	  al.,	  2015).	  
Glycines	  appear	  to	  be	  important	  in	  both	  the	  turn	  region	  between	  β-­‐strands	  and	  in	  
the	   C-­‐terminal	   β-­‐sheet.	   Glycines	   have	   a	   critical	   impact	   on	   peptide	   aggregation,	  
facilitating	  the	  association	  of	  β-­‐sheets	  during	  fibril	   formation	   in	  vitro	   (Sato	  et	  al.,	  
2006;Liu	  et	  al.,	  2005).	  Fibrillization	  of	  synthetic	  Aβ	  peptides	  containing	  glycine-­‐to-­‐
leucine	  (G	  to	  L)	  mutations	  has	  been	  monitored	  in	  vitro	  (Kim	  and	  Hecht,	  2006;Hung	  
et	   al.,	   2008).	   Treatment	   of	   neuronal	   cells	   showed	   a	   reduction	   of	   toxicity	   for	  
mutated	   peptides	   when	   compared	   to	   non-­‐mutated	   Aβ.	   Reduced	   toxicity	  
correlated	  with	  a	  reduction	  of	  small	  oligomeric	  species	   in	  solution	  and	  increased	  
rates	  of	  fibril	   formation	  (Hung	  et	  al.,	  2008).	  Harmeier	  and	  colleagues	  highlighted	  
G33	   as	   critical	   for	   the	   generation	   of	   Aβ42	   assemblies	   (Harmeier	   et	   al.,	   2009).	  
Mutation	  of	  G33	  promoted	   rapid	  Aβ	  oligomerization	  by	  conformational	   changes	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that	   favored	   the	   formation	   of	   high	   molecular	   weight	   oligomers.	   In	   contrast,	   a	  
G37L	   substitution	   dramatically	   reduced	   Aβ	   toxicity	   as	   measured	   by	   cell	  
dysfunction,	   cell	  death,	   synaptic	  alteration	   in	  primary	  neurons	  and	   transgenic	  C.	  
elegans	   models	   (Fonte	   et	   al.,	   2011).	   Important	   limitations	   in	   studies	   using	  
synthetic	  Aβ	  peptides	  to	  generate	  oligomers	   in	  vitro	  are	  their	  exact	  relevance	  to	  
AD	   pathology.	   The	   soluble	   oligomers	   are	   formed	   in	   vitro	   at	   relatively	   high	  
concentrations.	   At	   lower	   concentrations,	   which	  may	   be	  more	   representative	   of	  
physiological	   conditions,	   the	  monomer	  –	  oligomer	  equilibrium	   shifts	   toward	   the	  
monomeric	  state,	  which	  is	  non-­‐toxic	  and	  presumably	  is	  more	  easily	  cleared	  from	  
the	   brain.	   The	   structure	   and	   stability	   of	   soluble	   oligomers	   that	   are	   produced	  
physiologically	  have	  consequently	  been	  of	  considerable	  interest.	  
G33	   and	   G37	   lie	   within	   the	   hydrophobic	   C-­‐terminus	   of	   the	   Aβ	   peptide	   and	  
represent	   a	   GXXXG	   motif.	   This	   motif	   occurs	   abundantly	   in	   the	   TM	   helices	   of	  
membrane	  proteins	  where	  it	  facilitates	  TM	  helix	  dimerization.	  Strikingly,	  C99	  has	  
three	   consecutive	   GXXXG	  motifs,	   followed	   by	   a	   GXXXA	  motif,	   all	   of	  which	   have	  
been	   implicated	   in	   dimerization	   and	   regulation	   of	   C99	   processing	   by	   the	   γ-­‐
secretase	  (Kienlen-­‐Campard	  et	  al.,	  2008;Munter	  et	  al.,	  2007)..	  The	  structural	  role	  
that	  the	  GXXXG	  motif	  plays	  critically	  depends	  on	  the	  structural	  element	  in	  which	  it	  
occurs	   and	   the	   exposure	   to	   water.	   In	   aqueous	   environments,	   glycine	   is	   able	   to	  
adopt	  multiple	  conformations	  due	  to	  the	  lack	  of	  a	  side	  chain	  and	  the	  ability	  of	  the	  
backbone	  NH	  to	  hydrogen	  bond	  to	  water	   (glycine	   is	  known	  as	  a	  helix	  breaker	   in	  
soluble	  proteins	  and	  often	  occurs	  in	  turn	  sequences.)	  In	  hydrophobic	  TM	  helices,	  
glycines	  in	  a	  GXXXG	  motif	  fall	  on	  one	  face	  of	  a	  TM	  α-­‐helix	  and	  facilitate	  helix-­‐helix	  
dimerization.	   The	   TM	   helices	   are	   energetically	   favored	   due	   to	   intrahelical	  
backbone	   hydrogen	   bonding	   in	   the	   absence	   of	   water	   and	   helix	   association	   is	  
favored	   due	   to	   interhelical	   van	   der	   Waals	   and	   hydrogen	   bonding	   interactions.	  	  
Interestingly,	   in	  β-­‐sheet	   the	   glycines	   in	   a	  GXXXG	  motif	   lie	   on	  one	   face	  of	   the	  β-­‐
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sheet	  and	  when	  the	  β-­‐strands	  are	  parallel	  and	  in-­‐register,	  they	  form	  long	  surface	  
grooves	   that	   facilitate	   sheet-­‐to-­‐sheet	   packing	   that	   excludes	   water	   (Sato	   et	   al.,	  
2006).	  This	  multifaceted	  nature	  of	  glycine	  is	  highlighted	  in	  its	  role	  at	  each	  stage	  of	  
the	   process	   from	   TM	   helix	   to	   soluble	   oligomer	   to	   fibril.	   The	   same	  multifaceted	  
nature	  of	  glycine	  may	  underlie	  the	  aggregation	  of	  the	  human	  prion	  protein,	  which	  
also	  contains	  three	  consecutive	  GXXXG	  motifs.	  
We	  have	  further	  investigated	  the	  role	  of	  the	  GXXXG/GXXXA	  motifs	  in	  dimerization	  
of	  C99	  and	  oligomerization	  of	  Aβ	  produced	  by	  living	  cells.	  We	  found	  that	  mutation	  
of	  the	  critical	  G33	  and	  G38	  residues,	  respectively,	  in	  the	  G29XXXG33	  and	  G38XXXA42	  
motifs	  did	  not	  affect	  dimerization	  of	  C99.	   In	   contrast,	  mutations	   in	   these	  motifs	  
triggered	   the	   assembly	   of	   Aβ42	   into	   ~28	   kDa	   oligomers	   corresponding	   to	   the	  
expected	  molecular	  weight	   of	   Aβ	   hexamers.	   Similar	   oligomers	   are	   not	   detected	  
with	  constructs	  producing	  only	  Aβ40.	  The	  Aβ42	  oligomers	  generated	  by	  living	  cells	  
are	   resistant	   to	   temperature	   and	   denaturing	   conditions.	   They	   are	   enriched	   in	  
membrane-­‐bounded	   compartments,	   and	   released	   in	   the	   extracellular	   medium.	  
Finally,	  we	  showed	  that	  Aβ42	  oligomers	  generated	  by	   living	  cells	  did	  not	  display	  
neurotoxic	   effects,	   but	   greatly	   affected	   neuronal	   differentiation	   and	   the	  
formation	  of	  neuronal	  networks.	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MATERIAL	  AND	  METHODS	  
	  
Chemicals	  and	  reagents	  
Restriction	   enzymes,	   Taq	   DNA	   polymerase,	   all	   culture	   media,	   penicillin-­‐
streptomycin	   solution,	  HAT	  and	  Lipofectamine®	   transfection	   reagents,	  Nu-­‐Page®	  
Novex®	   4-­‐12%	   Bis-­‐Tris	   gels	   and	   buffers	   were	   from	   Life	   Technology	   Corporation	  
(Carlsbad,	   CA).	   Fetal	   bovine	   serum	   (FBS)	   for	   culture	  media	  was	   purchased	   from	  
Thermo	  Scientific	   (Rockford,	   IL).	  Analytical	  grade	  solvents,	  salts	  and	  poly-­‐L-­‐lysine	  
were	  from	  Sigma-­‐Aldrich	  (St	  Louis,	  MO).	  Protease	  inhibitor	  cocktail	  was	  purchased	  
from	  Roche	  (Basel,	  Switzerland).	  BCA	  protein	  assay	  kit	  was	  from	  Pierce	  (Rockford,	  
IL,	  USA).	  Nitrocellulose	  membranes	  were	  obtained	  from	  GE	  Healthcare	  (Fairfield,	  
CT).	   ECL	   reagents	   were	   obtained	   from	   Perkin	   Elmer	   Inc.	   (Waltham,	   MA).	   The	  
following	   primary	   antibodies	   were	   used:	   anti-­‐Amyloid	   β	   Antibody,	   clone	   W0-­‐2	  
(EMD	  Millipore,	   Billerica,	   MA),	   Anti-­‐Amyloid	   Precursor	   Protein	   C-­‐terminal,	   anti-­‐
MAP2	   and	   anti-­‐actine	   antibody	   (Sigma-­‐Aldrich,	   St	   Louis,	   MO),	   and	   anti-­‐GLuc	  
antibody	  (New	  England	  Biolabs,	  Ipswich,	  MA)..	  Fluorescent	  nucleic	  acid	  stain	  DAPI	  
was	  obtained	  from	  Sigma-­‐Aldrich	  (St	  Louis,	  MO).	  Secondary	  antibodies	  coupled	  to	  
HRP	   were	   obtained	   from	   Amersham	   Bioscience	   (Uppsala,	   Sweden)	   and	  
fluorescent	   secondary	   antibody	   coupled	   to	   Alexa	   fluorochromes	   from	   Life	  
Technology	  Corporation	  (Carlsbad,	  CA).	  
	  
Cells	  lines	  and	  cell	  culture	  
Chinese	  hamster	  ovary	   (CHO)	   cell	   lines	  were	  grown	   in	  Ham’s	   F-­‐12	  medium.	  The	  
media	   was	   supplemented	   with	   10%	   of	   fetal	   bovine	   serum	   (FBS)	   and	   penicillin-­‐
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streptomycin	  solution	  (10	  units-­‐10	  µg).	  All	  cell	  cultures	  were	  maintained	  at	  37	  °C	  
in	  a	  humidified	  atmosphere	  (5%	  CO2).	  Mouse	  neuroblastoma	  x	  Rat	  glioma	  hybrid	  
cell	  lines	  (NG108-­‐15)	  were	  grown	  in	  DMEM	  supplemented	  with	  10%	  FBS,	  2%	  HAT,	  
a	   mixture	   of	   hypoxanthine,	   aminopterin	   and	   thymidine,	   and	   antibiotics.	  
Differentiation	  of	  NG108-­‐15	  cells	  was	  induced	  by	  switching	  from	  regular	  medium	  
to	  1%	  FBS	  medium	  (Stanga	  et	  al.,	  2015).	  
	  
Plasmids,	  cloning	  and	  site-­‐directed	  mutagenesis	  	  
C99,	   C42	   mutants	   and	   various	   C-­‐terminally	   truncated	   constructs	   of	   C99	   were	  
obtained	   by	  Quick-­‐change	   site-­‐specific	  mutagenesis	   (Stratagene,	   La	   Jolla,	   CA)	   as	  
previously	  described	  (Ben	  et	  al.,	  2012b).	  The	  plasmids	  expressing	  APP	  fragments	  
fused	   to	   humanized	   Gaussia	   luciferase	   (hGluc)	   halves	   were	   obtained	   by	   PCR	  
amplification	   of	   APP	   sequences	   encoded	   by	   expression	   vectors	   previously	  
described	   (Decock	   et	   al.,	   2015).	   All	   constructs	   were	   verified	   by	   full	   sequencing	  
(Macrogen	  Europe,	  Amsterdam,	  The	  Netherlands).	  
	  
Cell	  transfection	  and	  conditioning	  
CHO	   cells	   were	   transfected	   with	   Lipofectamin	   reagent	   24	   hours	   after	   seeding	  
following	   manufacturer’s	   instructions.	   Plasmids	   expressing	   the	   split-­‐luciferase	  
proteins	  were	  cotransfected	   in	  a	  1:1	  ratio.	  The	  control	  plasmid	  (mock)	  used	  was	  
the	   corresponding	   empty	   vector.	   48	   hours	   after	   transfection,	   media	   were	  
collected,	  treated	  with	  protease	  inhibitors	  cocktail	  (Roche)	  and	  stored	  at	  -­‐20°C	  for	  
ECLIA	  assay.	  Cells	  were	  harvested	  and	  lysed	  in	  sample	  buffer	  (125	  mM	  TrisHCl	  pH	  
6.8,	   glycerol	   20%	   and	   SDS	   4%)	   supplemented	   with	   protease	   inhibitor	   cocktail.	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Protein	  concentrations	  were	  measured	  by	   the	  BCA	  protein	  assay	  kit	   from	  Pierce	  
(Rockford,	  IL,	  USA)	  prior	  to	  Western	  blotting.	  
Transfected	   CHO	   cell	   culture	   media	   have	   been	   used	   as	   source	   of	   oligomers	   to	  
treat	   NG108-­‐15	   cells	   at	   day	   1	   and	   day	   3	   of	   differentiation.	   One	   day	   after	  
transfection,	   CHO	   cells	   were	   maintained	   in	   medium	   without	   FBS.	   The	   CHO	  
conditioned	  media	  enriched	  in	  oligomers	  were	  mixed	  (1:1	  ratio)	  to	  NG108-­‐15	  cells	  
differentiation	   medium	   (1%	   FBS).	   Treated	   NG108-­‐15	   cells	   were	   fixed	   and	  
processed	  for	  immunocytochemistry	  (day	  5).	  
	  
Western	  blotting	  
Proteins	   (10	   μg)	   from	   cell	   lysates	   or	   culture	   media	   (20	   µl)	   were	   heated	   for	   10	  
minutes	  at	  70	  °C	  in	  loading	  buffer	  (lysis	  buffer	  supplemented	  with	  0.5	  M	  DTT	  and	  
staining	   Nupage	   blueTM),	   separated	   in	   4–12%	   NupageTM	   bis-­‐Tris	   gel	   and	  
transferred	   for	   2	   hours	   at	   30	   V	   onto	   nitrocellulose	   membranes.	   Ponceau	   Red	  
staining	  was	  used	  to	  check	  gel	   loading	  and	  transfer	  accuracy.	  After	  blocking	   (5%	  
non-­‐fat	   milk	   in	   PBS),	   membranes	   were	   incubated	   overnight	   at	   4	   °C	   with	   the	  
primary	  antibodies:	  anti-­‐Amyloid	  β	  Antibody,	  clone	  W0-­‐2	  (1/2,500),	  Anti-­‐Amyloid	  
Precursor	   Protein,	   C-­‐terminal	   antibody	   (1/2,000),	   anti-­‐GLuc	   antibody	   (1/2,000).	  
Membranes	   were	   washed	   with	   PBS-­‐Tween	   (0.005%)	   and	   incubated	   with	   the	  
secondary	   antibodies	   anti-­‐mouse	   (1:10,000)	   or	   anti-­‐rabbit	   (1:10,000)	   coupled	   to	  
peroxidase	  prior	  to	  ECL	  detection	  from	  GE	  Healthcare	  (Little	  Chalfont,	  UK).	  Signals	  
were	  quantified	  with	  a	  Gel	  Doc	  2000	   imaging	   system	  coupled	   to	  Quantity	  one™	  
software	  from	  Bio-­‐Rad	  (Hercules,	  CA,	  USA).	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Gaussia	  luciferase	  assay	  
Samples	   were	   aliquoted	   in	   5	   ml	   polystyrene	   round-­‐bottom	   tubes	   at	   a	   final	  
concentration	  of	  10	  µg	  of	  protein	  in	  20	  µl	  in	  Luciferase	  Cell	  Lysis	  Buffer	  (Promega,	  
Madison,	  WI).	   Native	   coelenterazine	   was	   reconstituted	   as	   a	   stock	   solution	   of	   1	  
mg/ml	   in	  methanol	   (stored	   frozen),	   diluted	   30	  minutes	   prior	   reading	   in	   DMEM	  
without	   phenol	   red	   and	   used	   at	   a	   final	   concentration	   of	   20	   µM.	   50	   µl	   of	  
coelenterazine	   was	   added	   to	   tubes	   and	   luminescence	   directly	   measured	   on	   a	  
Sirius	  Luminometer	  (Berthold,	  Pforzheim,	  Germany).	  
	  
Aβ	  quantification	  
Aβ38,	  Aβ40	  and	  Aβ42	  peptides	  were	  quantified	  in	  the	  cell	  medium	  as	  previously	  
described	  (Hage	  et	  al.,	  2015a)	  using	  the	  Aβ	  multiplex	  electro-­‐chemiluminescence	  
immunoassay	   (ECLIA)	   (Meso	   Scale	   Discovery,	   Gaithersburg,	   MD).	   Cells	   were	  
conditioned	   in	   serum-­‐free	  medium	  for	  16	  hours;	   cell	  medium	  was	  collected	  and	  
Aβ	  were	  quantified	  according	  to	  the	  manufacturer’s	  instructions	  with	  the	  human	  
Aβ	  specific	  6E10	  multiplex	  assay.	  
	  
Cell	  survival	  assay	  
Cell	   viability	   (NG108-­‐15	   cells)	   was	   assessed	  with	   a	  MTS	   assay	   after	   24	   hours	   of	  
treatment,	   according	   to	   manufacturer’s	   instruction	   (Promega,	   Madison,	   WI).	  
Plates	  were	  measured	  at	  490	  nm	  using	  a	  microplate	  spectrophotometer	  Victor	  X3	  
Multilabel	  Plate	  Reader	  (PerkinElmer,	  Waltham,	  MA).	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Immunocytochemistry	  
Cells	  were	   seeded	   on	   12-­‐well	   plates	   previously	   incubated	  with	   poly-­‐L-­‐lysine	   (10	  
mg/ml).	   Prior	   to	   staining,	   cells	   were	   rinsed	   twice	   with	   Opti-­‐MEM®	   (Life	  
Technology	  Corporation)	  and	   fixed	  with	  4%	  paraformaldehyde	   (PFA)	   for	  15	  min.	  
After	  3	  washes	   in	  PBS,	  cells	  were	  permeabilized	  with	  PBS1X/0.3%	  Triton100X	  for	  
30	  min	  and	  blocked	  in	  PBS1X/fetal	  bovine	  serum	  5%/0.1%	  Triton100X	  for	  30	  min.	  
Primary	   antibody	   MAP2	   (1:500)	   was	   prepared	   in	   the	   blocking	   solution	   and	  
incubated	  O/N	  at	  4	  °C.	  After	  3	  washes	  in	  PBS,	  cells	  were	  incubated	  with	  secondary	  
antibody	   (Goat	   anti-­‐mouse	   Alexa	   488,	   1:500	   in	   blocking	   solution)	   and	   DAPI	  
(1:2000)	  for	  1	  hour	  at	  4	  °C.	  After	  3	  washes	  in	  PBS,	  cells	  were	  stored	  in	  PBS-­‐azide	  
0.1%	   at	   4	   °C.	   Pictures	   were	   acquired	   with	   an	   Evos	   fluorescence	   microscope	  
(Advanced	  Microscopy	  Group,	  Mill	  Creek,	  Washington,	  USA).	  
	  
Statistical	  analysis	  
The	  number	  of	   samples	   (n)	   in	  each	  experimental	   condition	   is	   indicated	   in	   figure	  
legends.	   The	   data	  were	   analyzed	   using	   GraphPad	   Prism	   software	   by	   analysis	   of	  
variance	   (ANOVA)	   followed	  by	  unpaired	   t	   test	   (2	  experimental	   conditions)	  or	  by	  
Bonferroni’s	  Multiple	  Comparison	  tests	  (more	  than	  2	  experimental	  conditions).	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Figure	  1.	  Schematic	  representation	  of	  the	  different	  APP	  mutants	  and	  APP	  constructs	  used	  for	  the	  
study.	  	  
(A)	  Schematic	   representation	  of	  human	  APP	  and	  APP	  C-­‐terminal	   fragments	   including	   the	  different	  
mutatants	   generated.	   Numbering	   corresponds	   to	   aminoacid	   position	   in	   the	   Aβ	   sequence.	   C99	  
correspond	  to	  the	  APP	  β	  C-­‐terminal	  fragment,	  C42	  to	  the	  Aβ42	  peptide	  and	  C40	  to	  the	  Aβ40	  petide.	  
All	   C-­‐terminal	   contructs	   are	   fused	   to	   the	   human	   APP	   signal	   peptide	   (SP).	   TM:	   Transmembrane	  
region;	   JM:	   Juxtamembrane	   region;	   AICD:	   APP	   IntraCellular	   Domain;	   ext:	   extracellular;	   int:	  
intracellular.	   The	   aminoacid	   substitutions	   generated	   by	   site-­‐directed	  mutagenesis	   are	   in	   red.	   The	  
cleavage	  sites	  of	  α	  (α)-­‐,	  β	  (β)-­‐	  and	  γ	  (γ	  and	  ε)-­‐secretases	  are	   indicated	  by	  arrows.	  C99-­‐hGLuc1	  and	  
C99-­‐hGLuc2	   correspond	   to	   C99	   constructs	   fused	   to	   hGLuc	   moieties	   used	   for	   the	   analyzis	   of	   C99	  
dimerization	   in	   split	   luciferase	   assays.	   The	   epitopes	   recognized	   by	   the	   human-­‐specific	   W0-­‐2	  
antibody,	  the	  APP	  C-­‐terminal	  and	  hGLuc	  antibodies	  are	  indicated.	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RESULTS	  
	  
Expression	   of	   APP	   C-­‐terminal	   fragments	   leads	   to	   the	   accumulation	   of	  
oligomeric	  Aβ	  peptides	  
In	  our	  previous	  work	  we	  reported	  that	  expression	  of	  C99	  (corresponding	  to	  the	  β-­‐
CTF	   of	   APP)	   leads	   to	   the	   formation	   of	   an	   oligomer,	   which	   is	   detected	   in	  
denaturating	   gels	   as	   a	   higher	   molecular	   weight	   band	   (around	   25	   kDa).	   These	  
bands	  were	  thought	  to	  contain	  dimers	  of	  C99	  (Kienlen-­‐Campard	  et	  al.,	  2008),	  but	  
also	   -­‐possibly-­‐	   oligomers	   of	   Aβ	   or	   other	   peptides,	   as	   well	   as	   a	   mix	   of	   C99	   and	  
truncated	  C99	  peptides.	  	  
In	   order	   to	   characterize	   the	   nature	   of	   this	   higher	   molecular	   weight	   band,	   we	  
expressed	  in	  CHO	  cells	  different	  APP	  constructs:	  human	  APP695	  (neuronal	  isoform	  
of	  APP),	  C99	  (the	  amyloidogenic	  β	  C-­‐terminal	  stub)	  and	  C42,	  which	  corresponds	  to	  
the	  sequence	  of	  human	  Aβ42,	   that	  we	  engineered	  by	  adding	  a	  stop	  codon	  after	  
residue	  42	  of	  Aβ.	  Both	  C99	  and	  C42	  are	  fused	  to	  the	  APP	  signal	  peptide	  to	  ensure	  
proper	  targeting	  to	  the	  secretory	  pathway.	  Similar	  constructs	  were	  generated	  by	  
introducing	   a	   stop	   codon	   after	   residue	   40	   of	   Aβ	   to	   generate	   C40,	   or	   by	   fusing	  
gaussia	   luciferase	  moieties	   to	  the	  C-­‐terminus	  of	  C99	  to	  measure	   its	  dimerization	  
by	  a	  split	  protein	  assay	  (Decock	  et	  al.,	  2015).	  All	  these	  constructs	  are	  depicted	  in	  
Figure	  1.	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Figure	  2.	  Detection	  of	  oligomeric	  bands	  in	  cells	  expressing	  C99	  and	  C42.	  
(A)	  Expression	  of	  APP,	  C99	  and	  C42	  in	  CHO	  cells	  analyzed	  in	  total	  cel	  lysates	  by	  Western	  blotting	  with	  
the	  W0-­‐2	  antibody	  (left	  panel)	  and	  the	  APP	  C-­‐terminal	  antibody	  (right	  panel).	  The	  presence	  of	  APP,	  
βCTF	   (C99)	   and	   and	   αCTF	   are	   indicated	   by	   arrows.	   The	   star	   (*)	   indicates	   the	   presence	   of	   an	  
unexpected	   band	   around	   30	   kDa.	   (B)	   Cells	   fractions	   of	   C42-­‐	   (left	   panel)	   and	   C99-­‐	   (right	   panel)	  
transfected	  cells	  were	  analyzed	  by	  Western	  blotting	  with	   the	  W0-­‐2	  antibody.	  Total	   cell	   lysates	   (e)	  
were	  fractionated	   into	  soluble	  (s)	  and	  membrane-­‐enriched	  vesicular	  fractions	  (MLP).	  The	  presence	  
of	  the	  higher	  molecular	  weight	  band	  (*)	  is	  indicated	  by	  arrows.	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As	  previously	  reported,	  βCTFs	  are	  barely	  detectable	  upon	  APP	  expression	  (Figure	  
2),	  the	  vast	  majority	  of	  APP	  being	  processed	  by	  the	  non-­‐amyloidogenic	  pathway	  in	  
cells	   (Haas	   et	   al.,	   1995).	   C99	   expression	   (corresponding	   to	   βCTF)	   led	   to	   the	  
detection	   of	   a	   monomeric	   band	   and	   the	   previously	   reported	   higher	   molecular	  
weight	   band	   (Figure	   2A).	   Strikingly,	   C42	   expression	   produced	   a	   similar	   high	  
molecular	  weight	  band,	  whereas	  no	  band	  corresponding	   to	  monomeric	  C42	  was	  
detected	  under	  these	  conditions.	  To	  note,	  this	  higher	  molecular	  weight	  band	  was	  
not	   detected	   in	   APP-­‐expressing	   cell	   lysates.	   We	   previously	   suggested	   (Kienlen-­‐
Campard	   et	   al.,	   2008)	   that	   this	   band	   could	   correspond	   to	   C99	   dimers,	   but	   the	  
molecular	   weight	   (~25-­‐30	   kDa)	   observed	   here	   is	   not	   consistent	   with	   this	   idea	  
(Figure	  2A).	  Importantly,	  the	  oligomeric	  band	  detected	  was	  not	  recognized	  by	  an	  
antibody	  directed	  against	   the	  APP	  C-­‐terminus	   that	   recognizes	  C99	  and	  APP	  CTFs	  
(Figure	   2A).	   Sub-­‐cellular	   fractionation	   experiments	   showed	   that	   the	   oligomeric	  
band	   is	   enriched	   in	   vesicular	   compartments	   (MLP)	   but	   barely	   absent	   from	   the	  
soluble	  fractions	  (Figure	  2B),	  strongly	  suggesting	  that	  the	  oligomers	  -­‐like	  C99-­‐	  are	  
either	   membrane	   associated,	   or	   present	   in	   a	   cell	   membrane-­‐bounded	  
compartment	  but	  not	  in	  the	  cytosol.	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Figure	  3.	  Detection	  of	  oligomeric	  bands	  and	  measurement	  of	  Aβ	   in	   the	  extracellular	  medium	  of	  
cells	  expressing	  C99	  and	  C42.	  
(A)	   Culture	  media	   of	   CHO	   cells	   expressing	   APP,	   C99	   and	   C42	  were	   analyzed	   by	  Western	   blotting	  
using	  the	  W0-­‐2	  antibody.	  The	  ~	  30	  kDa	  (*)	  detected	  in	  culture	  media	  -­‐similar	  to	  the	  one	  observed	  in	  
cell	   lysates-­‐	   is	   indicated	  by	  an	  arrow.	   (B)	  Soluble	  monomeric	  Aβ	  38,	  40	  and	  42	  were	  quantified	  by	  
ECLIA	   in	   the	   culture	   media	   of	   transfected	   cells.	   Values	   (means	   ±	   SEM)	   given	   in	   pg/ml	   are	  
representative	  of	  3	   independent	  experiments	   (n=3	   in	  each	  experiment).	  ***	  p<0.001,	  *	  p<0.05,	  as	  
compared	  to	  control	  (mock-­‐transfected	  cells).	  
	  
	  	  	  	  	  	  	  	  	  	   	  
Figure	  4.	  Oligomers	  detected	  in	  cells	  and	  not	  re-­‐captured	  from	  the	  culture	  medium.	  
CHO	  cells	  were	  either	  transfected	  by	  the	  C42	  construct	  (transfected	  cells)	  or	  treated	  (treated	  cells)	  
for	  48	  h	  with	  the	  conditioned	  culture	  medium	  of	  C42-­‐transfected	  cells	   (mock,	  non-­‐transfected),	  as	  
depicted	  on	  the	  top	  of	  the	  figure.	  The	  cell	  lysates	  and	  culture	  media	  of	  transfected	  and	  treated	  cells	  
were	  recovered	  and	  analyzed	  by	  Western	  blotting	  with	  the	  W0-­‐2	  antibody.	  The	  ~	  30	  kDa	  oligomeric	  
band	  (*)	  detected	  in	  cell	  lysates	  and	  culture	  media	  is	  indicated	  by	  an	  arrow.	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The	   same	   oligomeric	   bands	   were	   revealed	   by	   Western	   blotting	   in	   the	   culture	  
medium	   of	   cells	   expressing	   either	   C99	   or	   C42	   (Figure	   3A),	   but	   they	   were	   not	  
detectable	   in	   the	  medium	  of	   cells	   expressing	   full-­‐length	  APP.	  We	  measured	   the	  
production	   of	   soluble	   Aβ	   in	   the	   culture	   media	   by	   the	   highly	   sensitive	   ECLIA	  
multiplex	  Aβ	  assay,	  which	  detects	  soluble	  Aβ38/Aβ40/Aβ42	  monomeric	   isoforms	  
in	   the	  same	  sample	   (Hage	  et	  al.,	  2013;Hage	  et	  al.,	  2015b).	  As	  previously	   shown,	  
soluble	  monomeric	   Aβ	  was	   readily	   detected	   in	   culture	  media	   of	   APP-­‐	   and	   C99-­‐
expressing	   cells,	   with	   Aβ40	   being	   the	   most	   abundant	   isoform.	   C99	   constructs	  
produced	  3-­‐5	  times	  more	  Aβ	  than	  full	   length	  APP	  (Figure	  3B).	  Strikingly,	  the	  C42	  
construct	   did	   not	   produce	   detectable	   Aβ,	   excepted	   very	   low	   amounts	   of	   Aβ38.	  
Due	   to	   the	   specificity	   of	   the	   assay	   (soluble	   monomeric	   Aβ	   isoforms),	   this	  
suggested	   that	   only	   oligomeric	   Aβ	   isoforms	   were	   generated	   by	   C42-­‐expressing	  
cells,	   in	   line	  with	  the	  higher	  molecular	  weight	  bands	  detected	  by	  an	  anti-­‐human	  
Aβ	  antibody	  in	  the	  same	  media	  (Figure	  3A).	  
We	   next	   investigated	   whether	   the	   oligomeric	   bands	   detected	   in	   cells	   could	  
correspond	   to	   oligomeric	   Aβ	   recaptured	   from	   the	   culture	   medium.	   We	   used	  
conditioned	   media	   of	   C42-­‐expressing	   cells	   to	   treat	   non-­‐transfected	   cells	   for	   48	  
hours.	  Media	   and	   cells	   were	   collected	   and	   analyzed	   after	   treatment	   (Figure	   4).	  
The	   ~30	   kDa	   band	   was	   still	   present	   in	   the	   culture	   medium	   after	   treatment,	  
indicating	  its	  stability.	  No	  similar	  signal	  was	  found	  in	  the	  lysates	  of	  treated	  cells,	  in	  
contrast	   to	   those	   of	   C42-­‐expressing	   cells.	   This	   indicated	   the	   oligomers	   detected	  
were	   primarily	   produced	   in	   cells	   and	   not	   recaptured	   from	   the	   culture	   medium	  
where	  they	  are	  also	  present.	  
Together,	   results	   obtained	   strongly	   suggested	   that	   the	   high	   MW	   band	   could	  
correspond	   to	  oligomeric	  Aβ42	  peptides,	  but	  did	  not	   formally	   exclude	   that	   they	  
are	  formed	  by	  the	  assembly	  of	  other	  Aβ	  isoforms	  (e.g.	  the	  major	  Aβ40	  isoform)	  or	  
truncated	   APP	   C-­‐terminal	   fragments.	   To	   test	   this	   hypothesis	   we	   expressed	   C40	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constructs	  in	  cells,	  which	  correspond	  to	  the	  Aβ40	  sequence.	  C40-­‐expressing	  cells	  
did	   not	   produce	   the	   oligomers	   found	   in	   C42-­‐expressing	   cells	   (Supplementary	  
Figure	   1).	   This	   indicates	   that	   the	   oligomeric	   bands	   observed	   are	   produced	   by	  
Aβ42-­‐	   but	   not	   Aβ40-­‐expressing	   constructs.	   To	   further	   confirm	   this	   hypothesis,	  
bands	   around	   30	   kDa	   were	   excised	   from	   gels	   and	   subjected	   to	   nano	   liquid	  
chromatography	   (nano-­‐LC)	  coupled	   to	   tandem	  mass	  spectrometry	   (MS/MS).	  The	  
peptides	  identified	  correspond	  to	  human	  Aβ	  sequences	  (Supplementary	  Figure	  2).	  
No	   other	  APP	   fragments	   (e.g.	   from	   the	   C-­‐terminus)	  were	   identified	   in	   these	   gel	  
samples,	  even	   in	  C99-­‐expressing	  cells.	  Thus,	  we	  can	  conclude	  that	  the	  oligomers	  
detected	   in	   transfected	   cells	   are	   indeed	  Aβ	  oligomers,	   and	  more	  precisely	  Aβ42	  
oligomers.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Figure	  5.	  Impact	  of	  GXXXG/GXXXA	  mutations	  on	  C99	  dimerization	  and	  Aβ	  oligomerization.	  
(A)	  Schematic	  representation	  of	  human	  the	  C99	  and	  C42	  contructs	  used.	  Numbering	  corresponds	  to	  
aminoacid	   position	   in	   the	   C99	   sequence.	   The	   aminoacid	   substitutions	   generated	   by	   site-­‐directed	  
mutagenesis	  are	  in	  red.	  Glycine	  and	  alanine	  residues	  of	  GXXXG/GXXA	  sequences	  are	  underlined.	  TM:	  
Transmembrane	  region;	  ext:	  extracellular;	  int:	  intracellular.	  (B)	  Expression	  of	  C99	  and	  Aβ	  oligomers	  
analyzed	   in	   cell	   lysates	   by	   Western	   blotting	   with	   the	   APP	   C-­‐terminal	   antibody	   and	   the	   W0-­‐2	  
antibody,	  respectively.	  Oligomers	  (*)	  and	  C99	  are	  indicated	  by	  arrows.	  (C)	  Expression	  of	  C99	  and	  Aβ	  
oligomers	  analyzed	  in	  lysates	  of	  cells	  expressing	  the	  different	  C99	  mutants	  by	  Western	  blotting	  with	  
the	  W0-­‐2	  antibody.	  Oligomers	  (*)	  and	  C99	  are	  indicated	  by	  an	  arrow.	  (D,E)	  Dimerization	  of	  C99	  and	  
C99	  mutants	   (m5,	  mA)	  was	  measured	   in	   living	  cells	  by	  the	  split-­‐luciferase	  complementation	  assay.	  
Cells	  were	  transfected	  with	  C99-­‐coding	  sequences	  fused	  to	  two	  hGLuc	  moieties	  (hGluc1	  and	  2,	  see	  
Figure	   1).	   Bioluminescence	   (luciferase	   activity)	   was	  measured	   as	   RLU	   and	   given	   as	   percentage	   of	  
bioluminescence	  detected	  in	  cells	  co-­‐expressing	  C99-­‐hGLuc1	  and	  C99-­‐hGLuc2.	  Values	  (means	  ±	  SEM)	  
are	   representative	   of	   3	   independent	   experiments	   (n	   =	   4	   in	   each	   experiment).	   ***p	   <	   0.001,	   n.s.	  
(non-­‐significant),	  as	  compared	  to	  control	  (mock-­‐transfected	  cells).	  Expression	  of	  the	  fusion	  proteins	  
was	  checked	  in	  cell	  lysates	  by	  Western	  blotting	  with	  the	  hGLuc	  antibody	  and	  the	  W0-­‐2	  antibody.	  (F)	  
Analysis	  of	  Aβ	  oligomerization	  was	  monitored	  by	  Western	  blotting	  with	   the	  W0-­‐2	  antibody	   in	   cell	  
lysates	  or	   culture	  media	  of	   cells	   expressing	  C42	  or	  C42	  mutants.	  Actin	  was	  used	  as	   loading	  probe	  
(cell	  lysates).	  Oligomers	  (*)	  are	  indicated	  by	  an	  arrow.	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Mutations	   of	   glycine	   residues	   present	   in	   GXXXG	   on	   GXXXA	   motifs	   are	  
critical	  for	  the	  Aβ	  oligomerization	  process	  	  
We	  previously	  reported	  that	  oligomeric	  bands	   identified	  here	  as	  Aβ42	  oligomers	  
were	   more	   abundant	   with	   C99	   constructs	   mutated	   in	   GXXXG	   motifs	   (Kienlen-­‐
Campard	   et	   al.,	   2008).	   In	   our	   initial	   hypothesis,	   GXXXG	   mutations	   induced	  
rotations	   in	   the	   TM	   helical	   regions	   that	   form	   stable	   associations	   through	   the	  
GXXXA	   interface,	   strengthening	   dimerization	   of	   APP	   transmembrane	   domains	  
(TMD).	   We	   mutated	   the	   glycine	   and	   alanine	   residues	   within	   the	  
G29XXXG33/G38XXXA42	   motifs	   (Figure	   5A)	   to	   study	   their	   contribution	   to	   C99	  
dimerization	   and	  Aβ	  oligomerization..	   The	   levels	   of	   the	  Aβ	  oligomeric	   band	  was	  
highly	   increased	   in	   cells	   expressing	   C99	   mutated	   in	   the	   central	   GXXXG	   motif	  
(GG29/33LL,	  referred	  to	  as	  m5)	  with	  respect	  to	  cells	  expressing	  non-­‐mutated	  C99,	  
but	   the	   size	   of	   the	   oligomers	   remained	   the	   same	   (Figure	   5B).	   Strikingly,	   the	  
GA38/42LL	  mutation	   (referred	  to	  as	  mA)	  abolished	  Aβ	  oligomer	  production,	  and	  
mutations	  affecting	  G29XXXG33,	  G33XXXG37	  and	  G38XXXA42	  motifs	  (referred	  to	  as	  mB	  
and	  mC)	  produced	  intermediate	  levels	  of	  oligomers.	  We	  analyzed	  the	  contribution	  
of	  key	  G/A	  residue	  of	  the	  G29XXXG33/G38XXXA42	  motif	  to	  oligomer	  formation.	  The	  
single	   G33L	   mutation	   was	   sufficient	   to	   induce	   the	   oligomerization	   profile	  
observed	  with	  m5	  (GG23/33LL).	  In	  that	  context	  (G33L),	  mutation	  of	  small	  residues	  
from	  the	  G38XXXA42	  interface	  (mB	  =	  GG33/38LL	  and	  mC	  =	  GA33/42LL)	  reduced	  the	  
oligomerization	  promoted	  by	  the	  mutation	  of	  the	  critical	  G33	  residue	  (Figure	  5C).	  
We	   found	   that	   these	   oligomeric	   bands	   did	   not	   result	   from	   changes	   in	   C99	  
dimerization	  (Kienlen-­‐Campard	  et	  al.,	  2008;Ben	  Khalifa	  et	  al.,	  2012a;Munter	  et	  al.,	  
2007).	  Dimerization	  measured	  by	  a	  highly	  sensitive	  split	  protein	  assay	  (Decock	  et	  
al.,	  2015)	  was	  found	  to	  be	  equivalent	  for	  C99,	  C99	  m5	  and	  C99	  mA	  (Figure	  5D,	  5E),	  
whereas	  oligomeric	  bands	  are	  abundant	  in	  C99	  m5	  but	  not	  in	  C99	  mA	  cell	  lysates	  
(Figure	   5B).	   Altogether,	   this	   indicated	   that	   mutations	   of	   glycine	   residues	   could	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play	   a	   critical	   but	   dual	   role	   in	   Aβ	   production,	   without	  major	   changes	   in	   overall	  
dimerization	  of	  C99.	  This	  was	  further	  addressed	  by	  expressing	  mutants	  of	  C42	  in	  
cells.	   Identical	   mutations	   to	   those	   studied	   in	   the	   C99	   were	   introduced	   in	   C42	  
(Figure	   5A).	  Mutation	  of	   glycine	   residues	   from	  G29XXXG33	   and	  G33XXXG37	  motifs,	  
especially	  the	  G33L	  mutation,	  strongly	  increased	  the	  production	  of	  Aβ	  oligomers,	  
that	  migrated	  at	  the	  same	  size	  as	  C99-­‐derived	  oligomers	  (Figure	  5F).	  Mutation	  of	  
small	  residues	  (G/A)	  of	  the	  G38XXXA42	  motif	  abolished	  oligomerization.	  Strikingly,	  
the	   single	   G38L	   mutation	   decreased	   oligomerization	   of	   C42,	   and	   the	   G38L	  
mutation	   in	   the	  context	  of	  G33L	   (mB)	  strongly	   impaired	  oligomerization	  of	  G33L	  
mutants.	  On	   the	   other	   hand,	   the	  A42L	  mutation	   had	  moderate	   effects	   and	  was	  
not	   able	   to	   counteract	   the	   increased	  oligomerization	   induced	  by	  G33L	  mutation	  
(mC).	  The	  oligomers	  detected	  had	  the	  same	  electrophoretic	  profile	  in	  cell	  lysates	  
and	   culture	   media,	   confirming	   the	   idea	   that	   oligomers	   are	   formed	   in	   cells	   and	  
released	  into	  the	  culture	  medium.	  The	  critical	  residues	  for	  Aβ	  oligomerization	  are	  
G33	   and	  G38.	  G33L	  mutation	   strongly	   promotes	   oligomerization;	  G38L	   blocks	   it	  
with	  a	  dominant	  effect	  on	  G33	  residue	  modification.	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Oligomeric	  Aβ42	  peptides	  affect	  neuronal	  differentiation	  	  
One	   important	  question	  was	   to	  understand	  whether	   the	  oligomers	  we	   found	   to	  
be	   produced	   in	   cells	   and	   released	   in	   the	   extracellular	   medium	   displayed	  
pathological	   properties.	   A	   growing	   number	   of	   studies	   indicate	   that	   the	  
pathological	   properties	   of	   Aβ	   are	   directly	   related	   to	   the	   formation	   of	   particular	  
oligomeric	  assemblies	  (Benilova	  et	  al.,	  2012).	  We	  used	  the	  culture	  medium	  of	  CHO	  
cells	   transfected	  with	  C42,	  C42m5	  and	  C42mA	   to	   treat	  neuronal	  NG108-­‐15	   cells	  
when	   differentiation	   is	   induced	   (Figure	   6A).	   Culture	   media	   recovered	   from	  
transfected	  CHO	  cells	   (after	  24	  hours	  of	  conditioning)	  showed	  the	  Aβ	  oligomeric	  
profile	  detailed	  above:	  oligomeric	  Aβ	  was	  found	  in	  C42-­‐expressing	  cells,	  at	  higher	  
levels	   in	  cells	  expressing	  C42m5	  but	  not	   in	   those	  expressing	  C42mA.	  All	  had	   the	  
same	   electrophoretic	   profile.	   NG108-­‐15	   cells	  were	   treated	   for	   5	   days	  with	   CHO	  
cell	  medium,	  renewed	  every	  48	  h.	  At	  the	  end	  of	  the	  treatment,	  oligomeric	  bands	  
of	  Aβ	  were	  readily	  detectable	  in	  medium	  of	  treated	  NG108-­‐15	  cells	  (Figure	  6B).	  	  
	  
	  	   	  
	  
	  
Figure	  6.	  Effects	  of	  Aβ	  oligomers	  on	  neuronal	  cell	  differentiation	  and	  survival.	  	  
(A).	   Neuronal	   NG108-­‐15	   cells	   were	   treated	   with	  media	   of	   control	   CHO	   cells	   (mock)	   or	   CHO	   cells	  
transfected	  with	  C42,	  C42	  mutant	  5	  (m5)	  or	  C42	  mutant	  A	  (mA)	  during	  the	  differentiation	  process.	  
(B)	  The	  presence	  of	  Aβ	  oligomers	  in	  the	  media	  of	  CHO	  producing	  cells	  and	  NG108-­‐15	  cells	  (at	  day	  5)	  
was	   assessed	   by	   Western	   blotting	   with	   the	   W0-­‐2	   antibody.	   (C)	   Neuronal	   differentiation	   was	  
assessed	  by	  immunostaining	  of	  NG108-­‐15	  treated	  cells	  with	  the	  MAP2	  antibody.	  Nuclei	  were	  stained	  
with	   the	   DAPI.	   Scale:	   200μm.	   (D)	   Quantification	   of	   MAP2	   immunostaining	   was	   performed	   and	  
expressed	  as	  percentage	  of	  intensity	  measured	  in	  NG108-­‐15	  cells	  treated	  with	  the	  control	  medium	  
(mock).	   Values	   (means	   ±	   SEM)	   are	   representative	   of	   3	   independent	   experiments	   (n	   =	   2	   in	   each	  
experiment).	  ***p	  <	  0.0001,	  **p<0.001,	  ns	   (non-­‐significant)	  as	  compared	  to	  cells	   treated	  with	   the	  
control	   medium.	   (D)	   Survival	   of	   the	   NG108-­‐15	   cells	   was	   assessed	   by	   MTS	   assay	   and	   given	   as	  
percentage	  of	  survival	  measured	  in	  cells	  treated	  with	  the	  control	  medium.	  Values	  (means	  ±	  SEM)	  are	  
representative	  of	  3	  independent	  experiments	  (n	  =	  3	  in	  each	  experiment).	  Statistical	  analysis	  showed	  
non-­‐significant	  differences	  between	  the	  conditions.	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Five	  days	  after	   treatment,	   control	   cells	   showed	   the	   typical	  neurite	  outgrowth	  of	  
differentiated	   NG108-­‐15	   cells	   (Stanga	   et	   al.,	   2015)	  measured	   by	  MAP2	   staining	  
(Figure	   6C).	   NG108-­‐15	   cells	   treated	   with	   medium	   from	   C42-­‐	   and	   C42m5-­‐
expressing	   CHO	   cells	   showed	   altered	   differentiation	   and	   reduced	   neurite	  
outgrowth.	   The	   intensity	   of	   MAP2	   staining	   was	   particularly	   reduced	   in	   cells	  
treated	  with	  media	  from	  C42m5-­‐expressing	  cells	  (Figure	  6D),	  in	  which	  the	  highest	  
concentration	   of	   Aβ	   oligomers	   was	   detected.	   In	   contrast,	   the	   differentiation	  
pattern	   of	   cells	   treated	   with	   media	   of	   C42mA-­‐expressing	   cells,	   in	   which	   no	  
oligomeric	  Aβ	  is	  detected,	  was	  comparable	  to	  the	  one	  of	  non-­‐treated	  cells.	  Thus,	  
differentiation	   and	   neurite	   outgrowth	   of	   NG108-­‐15	   cells	   is	   impaired	   by	   the	  
presence	  of	  Aβ	  oligomers.	  Importantly,	  this	  is	  not	  simply	  linked	  to	  cytotoxicity	  of	  
these	  oligomers	  since	   the	   treatments	  did	  not	  affect	  NG108-­‐15	  cell survival	   in	  all	  
the	   conditions	   tested	   (Figure	   6E).	   Together,	   these	   data	   highlight	   an	   intrinsic	  
property	  of	  specific	  Aβ	  oligomers	  to	  disrupt	  the	  formation	  of	  a	  neuronal	  network,	  
which	  might	  be	  a	  very	  early	  event	  in	  β-­‐amyloid	  pathologies.	  	  	  
	  
	  
	   	  
CHAPTER	  III:	  Results	  	  	  	  	  	  	  	  	  2.	  GXXXG/A	  motifs	  in	  the	  formation	  of	  pathogenic	  Aβ	  oligomers	  
193	  
DISCUSSION	  
	  
Our	   major	   findings	   are	   that:	   i)	   expression	   of	   a	   construct	   coding	   for	   a	   peptide	  
corresponding	  to	  Aβ42	  leads	  to	  the	  formation	  of	  oligomers	  of	  28-­‐30	  kDa	  that	  are	  
resistant	  to	  denaturation	  and	  SDS,	  with	  no	  detection	  of	  monomeric	  Aβ42.	  These	  
oligomers	  display	  neuropathological	  properties;	  ii)	  the	  same	  size	  oligomer	  can	  be	  
detected	  when	  C99	   (βCTF)	   is	  expressed,	  but	   in	   this	  case	  also	  a	  monomeric	   form	  
can	   be	   detected,	   suggesting	   that	   the	   location	   of	   processing	   in	   the	   cell	   can	  
influence	  the	  extent	  of	  oligomerization;	  iii)	  Aβ40	  does	  not	  induce	  the	  formation	  of	  
such	  oligomeric	   species;	   iv)	   the	  oligomers	   induced	  by	  Aβ42	  and	  C99	  are	   similar,	  
and	   their	   size	   remains	   identical	  upon	  mutation;	  v)	   the	   formation	  of	  oligomers	   is	  
regulated	  by	  the	  G29XXXG33	  and	  G38XXXA42	  transmembrane	  motifs	  –	  Gly33	  of	  the	  
G29XXXG33	  motifs	  exerts	  a	  negative	  effect	  and	  Gly38	  of	  the	  GXXXA	  motif	  exerts	  a	  
stimulatory	   effect	   on	  oligomer	   formation;	   and	   vi)	   the	   same	  motifs	   also	   regulate	  
processing	  of	  C99	  (Kienlen-­‐Campard	  et	  al.,	  2008)	  without	  affecting	  the	  extent	  of	  
C99	  dimerization	  in	  cells.	  	  
	  
Aβ42	  oligomers	  are	  formed	  in	  cells	  
The	  oligomeric	  peptides	  revealed	  by	  Western	  blotting	  that	  were	   initially	  thought	  
to	   be	   C99	   dimers	   (Kienlen-­‐Campard	   et	   al.,	   2008)	   correspond	   indeed	   to	   Aβ42	  
oligomers.	  These	  Aβ	  oligomers	  are	  produced	   in	   cells	  either	  by	   the	  processing	  of	  
APP	   amyloidogenic	   fragment	   (C99)	   to	   Aβ,	   or	   when	   a	   peptide	   corresponding	   to	  
Aβ42	   is	   expressed	   in	   cells.	   Strikingly,	   soluble	   Aβ	   monomeric	   forms	   are	   only	  
detected	   in	   C99-­‐expressing	   cells	   and	   not	   when	   Aβ42	   is	   expressed.	   Thus,	   the	  
maintenance	  of	  soluble	  Aβ42	  might	  depend	  on	  intracellular	  compartments	  where	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C99	   fragments	   are	   processed.	   C42	   fragments	   generate	   Aβ42	   without	   being	  
processed	  by	   the	   γ-­‐secretase.	  We	   found	   that	  C55	   fragments	   containing	   the	  KKK	  
capping	  motifs	  at	  the	  TM/intracellular	  junction	  become	  substrates	  for	  γ-­‐secretase	  
(Supplementary	   Figure	   4).	   This	   is	   quite	   intriguing	   and	   needs	   to	   be	   further	  
investigated,	  but	  it	  suggests	  that	  monomeric	  Aβ	  can	  only	  be	  produced	  by	  specific	  
substrates	  and	  in	  specific	  compartments.	  As	  soon	  as	  these	  requirements	  are	  met,	  
Aβ	   shows	   a	   high	   propensity	   to	   aggregate,	   both	   in	   cells	   and	   in	   the	   supernatant.	  
When	   Aβ42	   is	   directly	   produced	   in	   cellular	   compartments	   (C42	   constructs),	   it	  
spontaneously	   aggregates	   to	   form	   oligomers	   and	   soluble	   monomeric	   Aβ	   is	   no	  
more	   detectable.	   It	   remains	   in	   that	   regard	   to	   be	   determined	   whether	   co-­‐
expression	   of	   Aβ42	   and	   C99	  would	   allow	   the	   detection	   of	   soluble	   Aβ42,	   would	  
increase	  the	  levels	  of	  Aβ42	  oligomers	  or	  promote	  formation	  of	  a	  higher	  molecular	  
weight	   oligomer.	   Aβ	   oligomers	   we	   detected	   are	   enriched	   in	   membrane-­‐bound	  
compartments	   and	   found	   in	   cell	   culture	   medium	   in	   conditions	   where	   no	  
cytotoxicity	   is	  readily	  measured	   in	  CHO	  cells.	  They	  are	  thus	  secreted	  rather	  than	  
simply	  released	  in	  the	  extracellular	  space	  upon	  cell	  death	  and	  subsequent	  leaking	  
of	  intracellular	  components.	  In	  addition,	  we	  found	  that	  intracellular	  oligomers	  are	  
not	  recaptured	  from	  the	  culture	  medium,	  or	  at	  least	  at	  very	  low	  levels	  that	  cannot	  
be	  detected	  in	  our	  experimental	  conditions.	  This	  strongly	  supports	  the	  conclusion	  
that	   Aβ	   oligomers	   are	   readily	   formed	   in	   cells	   and	   further	   secreted	   in	   the	  
extracellular	   medium.	   Intriguingly,	   only	   Aβ	   assemblies	   of	   ~25/30kDa,	  
corresponding	  to	  the	  expected	  molecular	  weight	  of	  Aβ	  hexamers,	  can	  be	  detected	  
under	  our	  experimental	   conditions.	   It	  does	  not	  exclude	   that	  other	  Aβ	  oligomers	  
are	  produced	  by	  the	  cells,	  but	  their	  conformation	  should	  in	  this	  case	  not	  be	  stable	  
enough	   to	   withstand	   the	   denaturing	   conditions	   (SDS)	   we	   used	   to	   run	  Western	  
blots.	   The	   Aβ	   oligomers	   we	   identified	   are	   very	   stable,	   resistant	   to	   SDS,	  
temperature	  (Supplemental	  Figure	  3)	  and	  formic	  acid	  denaturation	  (not	  shown).	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Oligomers	   were	   detected	   only	   with	   constructs	   expressing	   Aβ42,	   and	   not	   Aβ40.	  
Aβ42,	  unlike	  Aβ40,	  can	  form	  stable	  trimeric	  and	  tetrameric	  complexes	  (Chen	  and	  
Glabe,	   2006)	   as	  well	   as	   globulomer	   structures	   (dodecamers)	   in	   the	   presence	   of	  
SDS	   (Barghorn	   et	   al.,	   2005),	   and	   can	   form	   pentamers	   and	   hexamers	   in	   solution	  
(Bitan	  et	  al.,	  2003;Bernstein	  et	  al.,	  2009).	  SDS	  was	  suggested	  to	  artificially	  produce	  
stable	  Aβ	  assemblies.	  We	  found	  Aβ	  oligomers	  in	  the	  culture	  media	  that	  were	  not	  
isolated	   by	   SDS-­‐based	   extraction,	   suggesting	   that	   they	   are	   not	   generated	   by	   a	  
spurious	  effect	  of	  the	  detergent.	  One	  obvious	  question	  is	  to	  understand	  how	  such	  
Aβ42	   oligomers	   can	   assemble	   in	   cells.	   Previous	   studies	   showed	   that	   low-­‐
temperature	  and	   low-­‐salt	  conditions	  can	  stabilize	  disc-­‐shaped	  oligomers	  (Ahmed	  
et	  al.,	  2010).	  They	  do	  not	  have	  the	  β-­‐sheet	  structure	  characteristic	  of	   fibrils,	  but	  
are	   rather	   composed	   of	   loosely	   aggregated	   strands.	   Importantly,	   it	   has	   recently	  
been	  shown	  that	  at	  physiological	   temperature	   (37°C)	  and	  at	  high	  concentration,	  
Aβ42	  rapidly	  aggregates	  into	  unstructured	  specific	  oligomers	  (Fu	  et	  al.,	  2015).	  The	  
high	   concentrations	   achieved	   here	   by	   direct	   expression	   of	   Aβ42	   could	   indeed	  
mimic	   pathological	   situation	   in	   which	   Aβ	   accumulates	   in	   specific	   cellular	  
compartments.	  
	  
G33	  and	  G38	  residues	  from	  G29XXXG33	  and	  G38XXXA42	  motifs	  dramatically	  
affect	  the	  Aβ	  oligomerization	  process.	  	  
Small	  aminoacid	  residues	  (G/A)	  present	  in	  GXXXG	  or	  GXXXA	  motifs	  are	  known	  to	  
promote	   TM	  helix	   association.	   Their	  mutation	  was	   shown	   to	   strongly	   affect	   the	  
processing	   of	   β-­‐CTF	   (Munter	   et	   al.,	   2007;Kienlen-­‐Campard	   et	   al.,	   2008).	  Using	   a	  
protein	   fragment	   complementation	   assay	   based	   on	  Gaussia	   princeps	   luciferase,	  
we	   show	   that	   the	   effects	   on	   C99	   dimerization	   of	   the	   G29XXXG33	   and	   G38XXXA42	  
motifs	  mutation	   are	   not	  major	   and	   that	   these	  motifs	  might	   change	   the	   precise	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interface	  of	  dimers,	  but	  do	  not	  mediate	  on	  -­‐	  off	  effects	  on	  dimerization	  events,	  at	  
least	  when	  measured	  by	   the	  proximity	  of	   the	  C-­‐terminal	  ends.	  These	   results	  are	  
totally	   in	   line	   with	   our	   recently	   published	   work	   (Decock	   et	   al.,	   2015).	   GXXXG	  
motifs	  present	  in	  APP	  TM	  region	  might	  regulate	  processing	  of	  amyloidogenic	  CTFs	  
either	   independently	   of	   dimerization	   or	   by	   controlling	   precise	   dimeric	  
conformations.	  
We	   showed	   that	  mutation	   of	   these	   glycine	   residues	   indeed	   dramatically	   affects	  
the	   formation	   of	   Aβ	   oligomers.	   G33	   and	   G38	   play	   a	   predominant	   role	   in	   this	  
process	   by	   promoting	   or	   blocking	   oligomerization,	   respectively.	   Importantly,	  
identical	  Aβ	  oligomers	  are	  detected	   in	   cells	  expressing	  mutated	  or	  non-­‐mutated	  
C99	  or	  C42.	  For	  the	  GXXXG	  mutants,	  high	  amounts	  of	  oligomers	  are	  detected,	  but	  
no	  soluble	  monomeric	  Aβ	   is	  measured	  by	  ECLIA.	  Soluble	  monomeric	  Aβ	  was	  not	  
detected	  for	  the	  different	  GXXXA	  mutants,	  but	  the	  mutations	  in	  these	  constructs	  
are	   at	   positions	   preventing	  detection	  by	   the	  C-­‐terminal	   ECLIA	   capture	   antibody.	  
Our	  results	  would	  suggest	  that	  soluble	  monomeric	  Aβ	  is	  produced	  by	  the	  different	  
mutants,	  but	  the	  mutations	  either	  shift	  the	  monomeric-­‐oligomeric	  Aβ	  equilibrium	  
toward	  the	  formation	  of	  oligomeric	  forms	  (G33	  mutants)	  or	  block	  the	  conversion	  
from	  monomers	  to	  oligomers	  (G38	  mutants).	  The	  turn	  in	  the	  Aβ	  structure	  at	  G38	  
is	  a	  characteristic	  of	  Aβ42	  oligomers	  and	  molecular	  contacts	  have	  been	  reported	  
in	   the	  monomeric	  unit	  of	  Aβ42	   fibrils	  between	  G38	  and	  F19	   (Luhrs	  et	   al.,	   2005)	  
and	  between	  M35	  and	  A42	  (Masuda	  et	  al.,	  2008).	  The	  particular	  roles	  of	  G38	  and	  
A42	   could	   first	   explain	   the	   low	   oligomerization	   profile	   of	   Aβ	   produced	   from	  
C99mA	  and	  C42mA	  in	  which	  both	  G38	  and	  A42	  are	  mutated,	  and	  the	  absence	  of	  
oligomer	  formation	  with	  Aβ40	  lacking	  the	  A42	  position.	  G38	  is	  important	  to	  form	  
a	   solvent	   accessible	   turn	   in	   the	   β-­‐hairpin	   structure	   of	   the	   Aβ42	   building	   blocks	  
assembled	  in	  oligomers.	  G38	  to	  L	  mutation	  could	  thus	  break	  the	  conformation	  of	  
Aβ	  monomers	  which	  promotes	  the	  formation	  of	  oligomers	  as	  proposed	  by	  Ahmed	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et	   al	   (Ahmed	   et	   al.,	   2010).	   G33	   residue	   is	   part	   of	   the	   G33LMVG37	   hydrophobic	  
sequence	   forming	  a	  β-­‐strand	  which	   is	   critical	   for	   the	  Aβ	  monomers	   to	  adopt	  an	  
antiparallel	  β-­‐hairpin	  structure	  present	   in	  Aβ	  oligomers	  prior	  to	  conversion	  to	  β-­‐
sheet	   structure.	   Mutation	   at	   G33	   position	   is	   thus	   very	   likely	   to	   modify	   Aβ	  
conformation	   in	   a	   way	   that	   favors	   oligomerization.	   Our	   results	   are	   in	   line	   with	  
previous	  studies	  highlighting	  G33	  as	  critical	  for	  the	  generation	  of	  Aβ42	  assemblies	  
(Harmeier	   et	   al.,	   2009).	   Mutation	   of	   G33	   was	   suggested	   to	   promote	   rapid	   Aβ	  
oligomerization	   by	   conformational	   changes	   favoring	   the	   formation	   of	   high	  
molecular	  weight	  oligomers.	  However,	  these	  observations	  await	  further	  structural	  
studies	   in	   order	   to	   clearly	   understand	   how	   G33	   and	   G38	   can	   control	   in	   an	  
opposite	  way	  the	  Aβ	  oligomerization	  we	  observed	  in	  cells.	  
	  
Aβ42	  oligomers	  produced	  by	  cells	  display	  neuropathological	  properties.	  
Emerging	   evidence	   indicates	   that	   Aβ	   oligomers,	   and	   not	   Aβ	   fibrils	   have	  
neuropathological	   properties.	   Aβ	   oligomers	   can	   rapidly	   interact	   with	   cell	  
membranes	  and	  display	  neurotoxic	  effects,	  before	  a	   further	  possible	   conversion	  
to	   protofibrils	   or	   fibrils	   (Ahmed	   et	   al.,	   2010).	   Apart	   from	   cytotoxic	   effects,	   Aβ	  
oligomers	   have	   been	   shown	   to	   cause	   various	   neuronal	   dysfunctions.	  
Accumulation	  of	  soluble	  (non-­‐fibrilar)	  Aβ	  forms	  is	  correlated	  with	  the	  progression	  
of	  AD	  (McLean	  et	  al.,	  1999)	  and	  is	  a	  predictor	  of	  synaptic	  changes	  and	  disruption	  
of	  neuronal	  circuits	  occurring	  in	  the	  pathology	  (Lue	  et	  al.,	  1999;Hsia	  et	  al.,	  1999).	  
We	  showed	  here	   that	  Aβ	  oligomers	   released	   in	   the	  cell	  medium	  strongly	   impair	  
neuronal	   differentiation	   and	   neurite	   outgrowth,	   but	   did	   not	   display	   significant	  
neurotoxic	  effects.	  The	  neurotoxic	  effect	  of	  Aβ42	  were	  reported	  to	  depend	  on	  its	  
intraneuronal	   accumulation	   (Bayer	   and	   Wirths,	   2010;	   Kienlen-­‐Campard	   and	  
Octave,	   2002),	   but	   this	   is	   restricted	   to	   neurons	   or	   primary	   neuron	   cultures	   and	  
CHAPTER	  III:	  Results	  	  	  	  	  	  	  	  	  2.	  GXXXG/A	  motifs	  in	  the	  formation	  of	  pathogenic	  Aβ	  oligomers	  
198	  
does	   not	   occur	   in	   cell	   lines	   (Kienlen-­‐Campard	   et	   al.,	   2002).	   It	   would	   be	   of	  
particular	  interest	  to	  further	  address	  Aβ	  42	  oligomers	  formation,	  distribution	  and	  
cytotoxic	  effects	  in	  neurons	  or	  neuronal	  cultures.	  This	  could	  be	  highly	  relevant	  for	  
sporadic	  Alzheimer's	  disease	  where	  with	  age	  the	  capacity	  to	  maintain	  Aβ	  soluble	  
decreases	  and	  Aβ42	  accumulates	   in	  neurons	  as	   an	  early	  event.	   Previous	   studies	  
have	   shown	   that	  Aβ	   concentrated	  by	  more	   than	  2	  order	  of	  magnitude	   to	   reach	  
micromolar	  concentrations	  in	  acidic	  vesicular	  compartments	  (Hu	  et	  al.,	  2009).	  This	  
local	   high	   increase	   in	   Aβ	   concentration	   could	   initiate	   oligomerization	   in	   these	  
compartments.	   This	   gives	   strong	   impetus	   to	   address	   the	   formation	   and	   precise	  
subcellular	   localization	  of	  Aβ	  oligomers	   in	  neurons,	   and	   to	  analyze	  whether	  and	  
how	  they	  are	  related	  to	  neuronal	  dysfunction.	  	  
However,	  the	  fact	  that	  Aβ	  oligomers	  did	  not	  induce	  cytotoxic	  effects	  but	  strongly	  
impaired	   neurite	   outgrowth	   and	   maturation	   of	   the	   neuronal	   network	   is	   in	   line	  
with	  previous	  observations.	  The	  extracellular	  accumulation	  of	  a	  56-­‐kDa	  soluble	  Aβ	  
oligomer,	   isolated	   from	   brain	   of	   AD	   transgenic	   mice,	   impaired	   memory	  
independently	  of	  any	  neuronal	   loss	  (Lesne	  et	  al.,	  2006).	   It	  would	  be	  of	  particular	  
interest	  to	  investigate	  if	  oligomers	  identical	  to	  the	  one	  we	  identified	  here	  could	  be	  
isolated	   from	   AD	   mice	   models	   or	   brains	   of	   AD	   patients.	   Important	   to	   note,	  
neuronal-­‐specific	  mechanisms	   like	  post-­‐translational	  modifications	  participate	   to	  
Aβ	  oligomerization.	  For	  instance,	  phosphorylation	  at	  different	  positions	  including	  
Ser8	   and	   Ser26	   has	   been	   shown	   to	   enhance	   or	   block	   the	   formation	   of	   Aβ	  
oligomers	   in	   brains	   (Kumar	   et	   al.,	   2011;Kumar	   et	   al.,	   2013).	   Whether	   these	  
neuronal	  mechanisms	  could	  regulate	  Aβ	  assemblies	  we	  identified	  here	  should	  be	  
further	  understood.	  Up	  to	  now,	  a	  puzzling	  list	  of	  Aβ	  oligomer	  species	  supposed	  to	  
be	   multimers	   of	   a	   fundamental	   Aβ	   trimer	   assembly	   (hexamers,	   nonamers,	  
dodecamers)	   have	   been	   identified	   from	   various	   experimental	  models	   (including	  
human	   AD	   brains	   and	   brains	   of	   AD	   transgenic	   mice),	   isolated	   under	   different	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experimental	   conditions	   (Benilova	   et	   al.,	   2012).	   Still,	   i)	   they	   provide	   no	   clear	  
evidence	   as	   to	   which	   are	   pathologically	   relevant;	   ii)	   the	  molecular	  mechanisms	  
underlying	  their	  precise	  assembly	  is	  poorly	  understood.	  	  
In	   conclusion,	   we	   reported	   here	   that	   specific	   Aβ	   oligomeric	   forms	   can	   be	  
produced	   in	   living	   cells,	   and	   secreted	   in	   the	   extracellular	   medium.	   Such	   Aβ	  
assemblies	   are	   stable,	   resistant	   to	   temperature	   and	   SDS,	   and	   impair	   neuronal	  
maturation	   and	   differentiation.	   They	   are	   detected	   when	   Aβ	   is	   generated	   upon	  
C99	  processing,	  and	  at	  high	  levels	  when	  Aβ42	  but	  not	  Aβ40	  is	  directly	  expressed	  
in	  cells.	  We	  found	  two	  glycine	  residues	  to	  be	  critical	  in	  Aβ	  assembly:	  G33	  and	  G38.	  
Mutation	  of	  G33	  dramatically	  increases	  Aβ	  oligomerization,	  whereas	  mutation	  of	  
G38	  impairs	  it.	  This	  suggests	  a	  protective	  and	  triggering	  role	  of	  G33	  and	  G38	  in	  the	  
Aβ	   oligomerization	   process,	   respectively.	   These	   observations	   are	   in	   line	   with	  
previous	  ones,	  pointing	  the	  important	  role	  of	  the	  G38	  in	  the	  Aβ	  strand-­‐turn-­‐strand	  
conformation	   specifically	  observed	   in	  oligomers.	   In	   conclusion,	  our	  data	  provide	  
experimental	  evidence	  that	  Aβ	  oligomers	  observed	  in	  vitro	  are	  readily	  produced	  in	  
living	   cells,	   and	   prompts	   further	   investigation	   into	   their	   precise	   structure,	   how	  
they	  assemble,	  and	  their	  pathological	  relevance	  to	  human	  disease.	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Supplementary	  Figure	  1.	  Expression	  of	  C40	  and	  C42	  mA	  do	  not	  lead	  to	  Aβ	  oligomers	  formation.	  	  
Cells	  were	  transfected	  with	  the	  control	  empty	  vector	  (mock),	  or	  constructs	  expressing	  C42	  or	  C40.	  
(A)	  Analysis	  of	  C42/C40	  expression	  and	  Aβ	  oligomerization	  was	  monitored	  in	  cell	  lysates	  by	  Western	  
blotting	  with	  the	  W0-­‐2	  antibody.	  Oligomers	  (*)	  are	   indicated	  by	  arrows.	   (B)	  Expression	  of	  C42	  and	  
C40	  mRNA	   levels	   were	  measured	   by	   RTqPCR	   with	   the	   same	   primers	   and	   given	   as	   percentage	   of	  
mRNA	  levels	  measured	  in	  C42-­‐expressing	  cells.	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Supplementary	   Figure	   2.	  Mass	   spectrometry	   analysis	   of	   the	   oligomeric	   bands	   produced	   in	   C42-­‐
expressing	  cells.	  
Cell	   lysates	   from	   non-­‐transfected	   (mock)	   and	   C42	   transfected	   cell	   were	   separated	   on	   NuPage	  
gradient	  gels	  in	  denaturating	  conditions.	  Gel	  bands	  around	  30	  kDa	  were	  excised	  and	  proteins	  were	  
extracted	  and	  digested	  with	  trypsin.	  Following	  digestion,	  purified	  peptide	  samples	  were	  analyzed	  by	  
nanoLC	   coupled	   to	   tandem	   mass	   spectrometry	   (MS/MS).	   The	   raw	   MS	   file	   were	   analyzed	   and	  
searched	   against	   the	   APP	   protein	   sequence	   database.	   The	   results	   summarized	   showed	   the	   high	  
confidence	   identification	  of	   two	  peptide	   sequences	   contained	   in	   the	  C42/Aβ42	  peptides.	   C42	  and	  
Aβ42	  sequences	  are	  given	  on	  the	  top	  of	  the	  tables.	  Peptide	  sequences	  identified	  are	  in	  bold.	  Signal	  
peptide	  sequence	  is	  in	  blue.	  
	  
	  
	  
	  
	  
	  
	  
	  
Supplementary	  Figure	  3.	  Resistance	  of	  Aβ	  oligomers	  
to	  temperature.	  
Media	   of	   cells	   expressing	   C42	   or	   C42m5	   were	  
collected	  and	  heated	  at	  95°C	  for	  0,	  10	  to	  30	  minutes	  
prior	   to	   Western	   blotting	   revealed	   with	   the	   W0-­‐2	  
antibody.	  Oligomers	  (*)	  are	  indicated	  by	  an	  arrow.	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Supplementary	   Figure	   4.	   Aβ	   oligomers	   formation	   in	   cells	   expressing	   different	   C-­‐terminal	  
truncations	  of	  C99.	  	  
(A)	  Schematic	  representation	  of	  the	  different	  constructs.	  C99	  corresponds	  to	  the	  APP	  β	  C-­‐terminal	  
fragment.	   Numbering	   corresponds	   to	   aminoacid	   position	   in	   the	   C99	   sequence.	   C55,	   C49	   and	   C42	  
have	  been	  generated	  by	  entering	  a	  stop	  codon	  at	  positions	  55,	  49	  and	  42	  of	  C99,	  respectively.	  TM:	  
Transmembrane	  region;	  ext:	  extracellular;	  int:	  intracellular.	  The	  aminoacid	  substitution	  (referred	  to	  
as	  m5)	  generated	   for	  each	  construct	  appears	   in	  bold	  and	   red.	   (B)	  Expression	  of	  C99,	  C99	  m5,	  C45	  
m5,	   C49	   m5	   and	   C55	   m5	   in	   CHO	   cells	   analyzed	   by	   Western	   blotting	   with	   the	   W0-­‐2	   antibody.	  
Oligomers	  (*)	  and	  monomers	  are	  indicated	  by	  arrows.	  (C)	  Aβ	  38,	  40	  and	  42	  were	  quantified	  by	  ECLIA	  
in	  the	  culture	  media	  of	  transfected	  cells.	  Values	  (means	  ±	  SEM)	  given	  in	  pg/ml	  are	  representative	  of	  
3	   independent	   experiments	   (n=3	   in	   each	   experiment).	   *	   p<0.05,	   ***	   p<0.001,	   as	   compared	   to	  
control	  cells	  (mock-­‐transfected	  cells).	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CHAPTER	  IV:	  Discussion	  
The	   initial	   aim	   of	   our	   project	   was	   to	   depict	   precisely	   the	   contribution	   of	   APP	  
GXXXG	  and	  GXXXA	  motifs	   in	   its	  dimerization,	  and	  more	  precisely	   in	  dimerization	  
of	  the	  amyloidogenic	  β	  C-­‐terminal	  fragment	  (βCTF	  or	  C99).	  This	  was	  elaborated	  -­‐at	  
that	  time-­‐	  on	  recently	  published	  work	  indicating	  that	  mutation	  in	  the	  APP	  GXXXG	  
motifs	  altered	  its	  dimerization	  properties	  (Munter	  et	  al.,	  2007;Kienlen-­‐Campard	  et	  
al.,	  2008).	  Two	  different	  interpretations	  resulted	  from	  these	  studies.	  The	  first	  one	  
was	  that	  glycine	  residues	  at	  position	  29	  and	  33	  (C99/Aβ	  numbering)	  form	  a	  cross-­‐
point	  in	  APP	  TM	  dimers.	  This	  cross-­‐point	  is	  loosened	  upon	  substitution	  of	  Gly	  with	  
Leu	  or	  Ile,	  hydrophobic	  amino	  acids	  with	  bulky	  lateral	  chains	  (Munter	  et	  al.,	  2007).	  
The	  second	  interpretation	  was	  that	  Gly-­‐to-­‐Leu	  mutation	  of	  GXXXG	  motifs	  rotates	  
the	  TM	  dimers,	  favoring	  dimerization	  through	  the	  alternative	  GXXXA	  interface.	  It	  
leads	  in	  turns	  to	  the	  formation	  of	  stable	  (SDS-­‐resistant)	  C99	  dimers	  that	  cannot	  be	  
cleaved	  by	  the	  γ-­‐secretase.	  	  
We	  addressed	   the	   importance	  of	  GXXXG	  membrane	  motifs	   in	  APP	  self-­‐assembly	  
on	   2	   critical	   aspects	   of	   Alzheimer’s	   disease	   pathogenicity:	   dimerization	   of	   APP	  
(full-­‐length/CTFs)	  with	  the	  consequences	  on	  the	  amyloidogenic	  processing	  and	  Aβ	  
oligomerization,	  which	  is	  directly	  linked	  to	  pathogenicity.	  
We	   first	  addressed	   the	  possible	   involvement	  of	  GXXXG	  motifs	   in	  dimerization	  of	  
full-­‐length	  APP.	  Then,	  we	  assessed	  their	  importance	  in	  APP	  CTFs	  dimerization	  and	  
the	  possible	   link	  with	  processing	  by	   the	  γ-­‐secretase.	   In	   the	   last	  part,	  we	  studied	  
the	   involvement	   of	   glycines	   residues	   from	   GXXXG	   and	   GXXXA	   motifs	   in	   the	  
formation	  of	  Aβ	  oligomers.	  Our	  major	   findings	  are	   that	  dimerization	  of	  APP	  and	  
APP	   CTFs	   is	   not	   impaired	   by	   mutations	   of	   the	   critical	   glycines	   residues.	   Thus,	  
dimerization	   that	   readily	   occurs	   in	   living	   cell	   might	   involve	   hitherto	   unknown	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determinants	   and	   mechanisms,	   which	   require	   further	   investigations.	   Although	  
they	   do	   not	   affect	   dimerization	   per	   se,	   mutation	   of	   GXXXG	  motifs	   dramatically	  
affects	   Aβ	   production.	   This	   brings	   new	   insight	   in	   recent	   work	   to	   which	   we	  
contributed,	   showing	   that	   the	  GXXXG	   determinants	   shape	   the	   JM/TM	   region	   of	  
APP	   in	   a	   way	   that	   is	   critical	   for	   processing	   by	   the	   γ-­‐secretase.	   Finally,	   we	  
discovered	   that	   glycines	   residues	   were	   also	   critical	   for	   Aβ42	   oligomerization.	  
Gly33	   and	  Gly38	  positions	   have	  opposite	   effect	   by	  promoting	   or	   preventing	   the	  
formation	  of	  Aβ42	  oligomers	  displaying	  pathological	  properties.	  	  
In	  2016,	  despite	  no	  efficient	  therapeutic	  outcome,	  Alzheimer’s	  disease	  is	  still	  the	  
most	  studied	  neurodegenerative	  disease	  worldwide.	  This	   infatuation	  is	  due	  to	  its	  
constantly	   increasing	  rate	  and	  prevalence	   in	  developed	  countries,	  making	   it	  a	  so	  
important	   social	   and	   economic	   issue.	   The	   25	   years	   old	   amyloid	   cascade	  
hypothesis,	   stating	   that	   the	   imbalance	   between	  Aβ	   production	   and	   clearance	   is	  
the	   first	   event	   in	   AD,	   has	   often	   been	   rephrased,	   debated,	   reappraised	   and	  
challenged.	   It	   remains	   a	   core	   hypothesis	   that	   requires	   always	   clarification	   and	  
ultimate	   validation	   by	   the	   development	   of	   efficient	   therapies	   targeting	   the	  
amyloid	  side	  of	  the	  pathology.	  We	  hope	  that	  the	  findings	  we	  reported	  and	  discuss	  
here	  will	  contribute	  to	  a	  better	  understanding	  of	  the	  pathogenesis,	  and	  give	  clues	  
for	  therapeutic	  development.	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1. Involvement	   of	   GXXXG	   motifs	   in	   full-­‐length	   APP	  
dimerization	  
	  
First,	  we	  confirmed	  by	  a	  novel	  and	  highly	   sensitive	  method	   that	   full-­‐length	  APP	  
dimerization	   is	  mostly	  driven	  by	   the	  ectodomain.	  APP	  has	  been	  shown	  in	  many	  
studies	   to	   homo-­‐	   and	   heterodimerize	   (Scheuermann	   et	   al.,	   2001;Soba	   et	   al.,	  
2005),	   a	   feature	   reminiscent	   of	   other	   single	   pass	   transmembrane	   proteins	  
(Schlessinger,	  2002).	  Several	  recent	  studies	  have	  been	  addressing	  the	  mechanisms	  
involved	   in	  APP	  dimerization.	  The	   reported	   results	   suggest	   that	   this	  process	   can	  
involve	  either	  the	  extracellular	  or	  transmembrane	  domain	  of	  APP.	  It	  has	  been	  first	  
proposed	  that	  APP	  dimerization	  involves	  the	  E1	  region	  of	  the	  ectodomain	  (Soba	  et	  
al.,	   2005),	   by	   a	   process	   controlling	   APP	   transdimerization	   implicated	   in	   cellular	  
adhesion	   properties.	   Structural	   studies	   also	   suggested	   that	   the	   E2	   region	   could	  
mediate	  APP	  dimerization	  (Wang	  and	  Ha,	  2004).	  Our	  team	  as	  well	  as	  other	  groups	  
identified	   the	   high	   occurrence	   of	   GXXXG	   and	   GXXXG-­‐like	   motifs	   in	   APP	   JM/TM	  
regions,	   and	   found	   that	   mutation	   of	   these	   motifs	   altered	   APP	   dimerization	  
properties	   (Kienlen-­‐Campard	   et	   al.,	   2008;Munter	   et	   al.,	   2007).	   However,	   the	  
approach	   used	   (ToxR	   system,	   co-­‐immunoprecipitation)	   failed	   to	   firmly	   conclude	  
about	  the	  existence	  of	  APP	  dimers	  in	  living	  cells,	  and	  the	  roles	  of	  GXXXG	  motifs	  in	  
this	   context.	   Naouel	   Ben	   Khalifa,	   during	   her	   PhD	   in	   the	   team,	   investigated	   APP	  
dimerization	  by	  fluorescence	  complementation	  (BiFC)	  and	  gave	  the	  first	  clues	  on	  
APP	   dimerization	   in	   living	   cells	   (Ben	   Khalifa	   et	   al.,	   2012b).	   She	   has	   already	  
addressed	  the	  role	  of	  GXXXG	  motifs	  and	  has	  showed	  that	  disruption	  of	  the	  central	  
motif	   by	  mutation	   of	   the	   2	   glycines	   has	   no	   significant	   effect	   on	   full-­‐length	   APP	  
dimerization.	  APP	  homodimerization	   is	   essentially	  mediated	  by	   the	   ectodomain,	  
and	   the	   presence	   of	   a	   Kunitz-­‐like	   Protein	   Inhibitor	   domain	   (KPI)	   in	   the	  APP	   751	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isoform	   favors	   this	   association.	  We	   confirmed	   these	   results	   in	   our	   project	   (see	  
paper	  1),	  first	  by	  showing	  that	  APP	  dimerizes	  more	  than	  its	  C-­‐terminal	  fragments	  
in	  cells.	  Secondly,	  GXXXG	  mutations	  we	  introduced	  in	  the	  full-­‐length	  APP	  did	  not	  
show	  any	  differences	  in	  dimerization	  (Ben	  Khalifa	  et	  al.,	  2012a).	  Although	  dimers	  
of	  APP	  CTFs	  can	  be	  readily	  detected	  in	  living	  cells	  by	  our	  method,	  when	  compared	  
to	  APP,	  CTFs	  dimerization	  appears	  as	  a	  marginal	  event.	  
We	  showed	  here	  for	  the	  first	  time	  that	  APP	  dimerization	  is	  enhanced	  by	  removal	  
of	   the	   intracellular	   domain.	   This	   appeared	   to	  us	   as	   an	  unexpected	   result,	   since	  
APP	   intracellular	   domain	   is	   short,	   displays	   an	   intrinsically	   disordered	   structure	  
(Ramelot	   et	   al.,	   2000;Ando	   et	   al.,	   2001)	   and	   does	   not	   present	   any	   determinant	  
clearly	   involved	   in	  protein	  dimerization	   (Ramelot	  and	  Nicholson,	  2001).	  A	  simple	  
interpretation	   is	   that	   presence	   of	   the	   AICD	   within	   APP	   sequence	   forces	   a	  
conformation	  restraining	  dimerization.	  This	  finding	  adds	  another	  argument	  to	  the	  
idea	  that	  different	  domains	  of	  the	  protein,	  apart	  from	  GXXXG	  motifs	  and	  TM/JM	  
regions,	   influence	  APP	  intrinsic	  dimerization	  properties.	  This	  has	  been	  addressed	  
so	   far	   for	   the	   ectodomain,	   but	   not	   for	   the	   intracellular	   region,	   leading	   to	  
hypothesis	   awaiting	   further	   experimental	   support.	   APP	   intracellular	   domain	  
contains	   at	   least	   3	   sequences	   known	   to	   interact	   with	   more	   than	   20	   proteins	  
including	  Fe65,	  X11/Mint	  and	  JIP.	  Fe65	  have	  been	   identified	  to	   interact	  with	  the	  
AICD.	   This	   association	   is	   involved	   in	   AICD-­‐dependent	   transcription	   and	   form	  
complexes	   with	   other	   cell	   surface	   proteins	   like	   lipoproteins	   receptors	   LRP	   and	  
ApoEr2	  (Cao	  and	  Sudhof,	  2001;Pietrzik	  et	  al.,	  2004;Guenette	  et	  al.,	  1996).	  Fe65	  as	  
well	  as	  other	  AICD	  partners	  like	  X11α	  and	  X11β	  have	  already	  been	  shown	  to	  alter	  
APP	  processing	  (Lee	  et	  al.,	  2003;Ando	  et	  al.,	  2001).	  We	  tested	  the	  potential	  role	  of	  
AICD	   in	  APP	  dimerization	  when	   Fe65	   is	   overexpressed	  but	   did	   not	  measure	   any	  
effect	   on	   dimerization	   in	   CHO	   cells	   (data	   not	   shown).	   Nevertheless,	   the	  
association	  of	  such	  proteins	  with	  the	  AICD	  might	  play	  a	  role	   in	  APP	  dimerization	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and	  should	  be	  further	  investigated.	  A	  second	  hypothesis	  explaining	  the	  increased	  
dimerization	   of	   APP	   lacking	   the	   intracellular	   domain	   is	   the	   removal	   of	   the	  
GYENPTY	   internalization	  sequence.	   It	   is	  well	   known	   that	   retention	  of	  APP	  at	   the	  
plasma	   membrane	   inhibits	   its	   degradation	   (Lichtenthaler,	   2012).	   The	   resulting	  
accumulation	  of	  APP	  at	   the	  plasma	  membrane	  could	   increase	  dimerization	   rate.	  
This	   would	   suggest	   that	   dimerization	   occurs	   in	   specific	   compartments,	   like	   the	  
plasma	   membrane,	   and	   prompts	   to	   investigate	   the	   precise	   sub-­‐cellular	  
localization	   of	   APP	   dimers.	   We	   showed	   that	   the	   removal	   of	   the	   intracellular	  
domain,	   enhancing	   dimerization,	   favors	   APP	   processing	   towards	   the	   non-­‐
amyloidogenic	   pathway.	   Only	   ±10%	   of	   total	   APP	   protein	   resides	   at	   the	   cell	  
surface	   where	   it	   can	   be	   rapidly	   cleaved	   by	   the	   α-­‐secretase	   (Sisodia,	   1992).	   At	  
steady	  state,	  the	  majority	  of	  APP	  resides	  in	  the	  Golgi	  region,	  where	  the	  active	  β-­‐	  
and	  γ-­‐secretases	  are	  present.	  Subcellular	  trafficking	  is	  well	  known	  to	  be	  a	  critical	  
process	   in	   APP	   processing.	   Dimerization	   seems	   to	   favor	   APP	   trafficking	   towards	  
non-­‐amyloidogenic	   rather	   than	   amyloidogenic	   compartments.	   This	   is	   consistent	  
with	  the	  increased	  α-­‐secretase	  processing	  observed	  with	  compounds	  targeting	  of	  
APP	   ectodomain	   dimerization	   (Libeu	   et	   al.,	   2012),	   and	   also	   with	   the	   Aβ	  
decrease/sAPPα	   increase	   resulting	   from	   forced	   APP	   dimerization	   (Eggert	   et	   al.,	  
2009).	   In	   our	   previous	   works,	   we	   found	   that	   dimers	   are	   generated	   along	   the	  
secretory	   pathway	   and	   are	   probably	   enriched	   in	   the	   intermediate/cis-­‐Golgi	  
compartments.	   Increased	   dimerization	   of	   APP751	   favors	   the	   non-­‐amyloidogenic	  
processing	   (Ben	  Khalifa	   et	   al.,	   2012b).	  We	   suggest	   that	  APP	  dimerization,	  which	  
occurs	   early	   in	   the	   secretory	   pathway,	   could	   act	   as	   a	   signal	   that	   favors	   sorting	  
from	  the	  trans-­‐Golgi	  network	  (TGN)	  to	  the	  plasma	  membrane.	  APP	  in	   its	  dimeric	  
form	  could	  escape	  from	  the	  Golgi	  compartments	  without	  being	  cleaved	  by	  the	  β-­‐	  
and	   γ-­‐secretases.	   APP	   dimers	   could	   also	   be	   less	   internalized,	   due	   to	  masking	   of	  
the	   internalization	   sequence.	   In	   any	   case,	   the	   result	   would	   be	   an	   increased	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localization	   of	   APP	   at	   the	   plasma	   membrane	   where	   it	   is	   processed	   by	   the	   α-­‐
secretase.	  It	  is	  still	  difficult	  to	  know	  the	  percentage	  of	  APP	  under	  dimeric	  form	  at	  
the	   plasma	   membrane,	   and	   the	   techniques	   we	   used	   here	   are	   not	   suitable	   to	  
address	  this	  point.	  Another	  important	  question	  in	  this	  respect	  is	  to	  know	  whether	  
APP	  can	  be	  cleaved	  by	  α-­‐secretase	  in	  a	  dimeric	  state.	  A	  better	  comprehension	  of	  
the	  mechanisms	   regulating	   APP	   trafficking	   towards	   the	   different	   pathways,	   and	  
the	   contribution	   of	   dimerization	   we	   propose	   here,	   could	   be	   of	   interest	   to	   find	  
novel	  solutions	  to	  struggle	  pathogenic	  Aβ	  production.	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2. Implication	  of	  GXXXG	  motifs	  in	  APP	  CTFs	  dimerization	  
	  
We	   demonstrate	   that	   GXXXG	   motifs	   mutations	   do	   not	   readily	   impair	  
dimerization	  of	  APP	  C-­‐terminal	  fragments.	  Although	  CTFs	  dimerize	  less	  than	  full-­‐
length	   APP,	   they	   have	   already	   been	   shown	   to	   form	   contacts	   between	   GXXXG	  
motifs	   within	   the	   lipid	   bilayer	   (Sato	   et	   al.,	   2009).	   The	   orientation	   of	   APP	   TM	  
helices	  in	  the	  dimers	  has	  been	  determined	  and	  is	  mediated	  by	  the	  GXXXG	  motifs	  
rather	   than	   the	   GXXXA	   (Sato	   et	   al.,	   2009).	   Still,	   other	   publications	   using	   similar	  
structural	   approaches	   found	   that	   APP	   TM	   interactions	   involve	   the	   GXXXA	  
interface	  (Nadezhdin	  et	  al.,	  2012).	  The	  precise	  contribution	  of	  GXXXG	  and	  GXXXA	  
interfaces	   in	  APP	  dimerization	   appear	  here	   as	   a	  matter	   of	   debate.	   Important	   to	  
know,	  most	  of	  the	  studies	  addressing	  this	  question	  have	  been	  up	  to	  now	  carried	  
out	   by	   structural	   approaches	   using	   synthetic	   or	   recombinant	   peptides	  
reconstituted	  in	  micelles	  or	  lipid	  bilayers.	  	  
Our	   initial	   hypothesis	  was	   that	   the	   contribution	  of	  GXXXG	  and	  GXXXA	  motifs	   to	  
APP	   dimerization	   was	   masked	   in	   full	   length	   protein,	   and	   unraveled	   by	   the	  
shedding	  of	  the	  bulky	  ectodomain	  by	  α-­‐	  or	  β-­‐secretase.	  Our	  results	  do	  not	  show	  
any	   consistent	   effect	   of	   GXXXG	  mutations	   on	   αCTF	   dimerization	   and	   only	  weak	  
effects	   on	   βCTF	   dimerization.	   First	   the	   relevance	   and	   the	   extent	   of	   C99	  
dimerization	   has	   be	   recently	   questioned.	   Studies	   have	   shown	   that	   βCTF	  
homodimerization	   is	  weak	   and	  maybe	   irrelevant	   in	   vivo	   (Song	  et	   al.,	   2013).	  Our	  
work	   indicates	   that	   C99	   dimers	   can	   be	   readily	   detected	   in	   living	   cells,	   but	   to	   a	  
smaller	   extent	   than	  APP	  dimers.	   This	   initial	   view	  of	   the	  mechanisms	   involved	   in	  
C99	  dimerization,	  driven	  by	  GXXXG	  interfaces,	  is	  getting	  more	  complex.	  Recently,	  
motifs	   present	   in	   the	   extracellular	   region	   of	   C99	   have	   been	   depicted	   as	   a	   key	  
determinant	   in	   dimerization	   (Tang	   et	   al.,	   2014;	   Hu	   et	   al.	   to	   be	   submitted).	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Structural	  changes	   (by	  alanine	  mutations)	   in	   the	  L17VFFAEDVGSNK28	  extracellular	  
sequence	   lead	   to	   a	   disruption	   of	   the	   LVFF	  motif,	   and	   increases	   dimerization.	   A	  
strong	  L17V18F19F20	   inhibitory	  sequence	   is	   located	  at	  the	  α-­‐site	   in	  APP	  CTFs	  and	   is	  
folded	   in	  a	  hairpin	  anti-­‐parallel	  β-­‐sheet	  secondary	  structure.	  The	  LVFF	  β-­‐sheet	   is	  
linked	  to	  the	  TM	  α-­‐helix,	  containing	  the	  G25S26N27K28	  sequence,	  with	  the	  critical	  A21	  
position	   appearing	   to	   be	   at	   a	   breakpoint	   between	   the	   2	   secondary	   structures	  
(Tang	  et	  al.,	  2014).	  These	  structural	  motifs	  strongly	  influence	  the	  conformation	  of	  
APP	  CTFs	  and	   their	  ability	   to	  dimerize,	  although	  contacts	   in	  dimers	  might	   in	  any	  
case	  be	  formed	  through	  the	  GXXXG	  and	  GXXXA	  interfaces.	  
Environmental	   factors	   like	   the	  membrane	   composition	   have	   also	   been	   found	   to	  
influence	  C99	  structure	  (Lu	  et	  al.,	  2011).	  Cholesterol	  has	  been	  suggested	  to	  bind	  
GXXXG	  motifs	  and	  to	  stabilize	  the	  dimeric	  state	  of	  βCTF	  (Song	  et	  al.,	  2013).	  Thus,	  
dimerization	   of	   the	   WT	   APP	   TM	   sequence	   is	   weak	   but	   can	   be	   modulated	   by	  
structural	  motifs,	  protein	  concentration,	  mutations	  and	  membrane	  environment.	  
Another	  important	  point	  that	  is	  rising	  from	  our	  results	  is	  that	  dimerization	  cannot	  
be	  directly	  correlated	  to	  APP	  γ-­‐cleavage	  and	  Aβ	  production.	  GXXXG	  mutations	  as	  
well	   as	   FAD	   mutations	   are	   known	   to	   modulate	   APP	   processing	   at	   the	   γ-­‐site.	  
Moreover,	  mutations	  of	  the	  GXXXG	  glycines	  rescue	  the	  effects	  of	  early	  onset	  FAD	  
mutations	  on	  Aβ	  production	  (Munter	  et	  al.,	  2010).	  To	  note,	  FAD	  mutations	  do	  not	  
affect	   APP	   dimerization	   and	   thereby	   APP	   dimerization	   does	   not	   appear	   to	   be	  
responsible	  for	  the	  changes	  in	  Aβ	  production	  linked	  to	  early	  onset	  FAD	  (So	  et	  al.,	  
2013).	  With	   a	   sensitive	  method	   to	   assay	   dimerization	   in	   living	   cells,	  we	   are	   not	  
able	  to	  see	  any	  striking	  differences	  in	  dimerization	  of	  mutants	  that	  produce	  very	  
different	  amounts	  of	  Aβ.	  We	  can	  suggest	  that,	  apart	  from	  their	  known	  role	  in	  TM	  
dimerization,	  GXXXG	  motifs	  do	  not	  regulate	  processing	  by	  modifying	  the	  strength	  
of	   the	   association.	   It	   is	   in	   line	   with	   recent	   results	   showing	   an	   independent	  
relationship	  between	  APP	  dimerization	  and	  γ-­‐secretase	  processivity	  (Eggert	  et	  al.,	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2009;So	   et	   al.,	   2013;	   Jung	   et	   al.,	   2014).	   Rather	   than	   changing	   dimerization,	  
mutation	  of	  glycines	  comprised	  in	  the	  GXXXG	  motifs	  might	  induce	  conformational	  
changes	   increasing	  or	  decreasing	   the	   fitness	  of	   the	  substrate	   for	   the	  γ-­‐secretase	  
complex.	  Following	  this	  hypothesis,	  the	   large	   influence	  of	  the	  A21G	  mutation	  on	  
processing	   might	   be	   associated	   with	   structural	   changes	   in	   the	   extracellular	  
domain	   rather	   than	   dimerization.	   To	   summarize,	   GXXXG	   and	   GXXXG-­‐like	  motifs	  
are	   likely	   to	   regulate	   the	   ability	   of	   APP	   to	   be	   efficiently	   processed	   by	   the	   γ-­‐
secretase,	  by	  controlling	   the	  helical	   structure	  of	   the	   JM/TM	  regions	   (Tang	  et	  al.,	  
2014).	  
Apart	   from	   dimerization,	   many	   cellular	   factors	   appear	   to	   influence	   the	   overall	  
production	   of	   Aβ	   peptides	   and	   the	   Aβ42/Aβ40	   ratio,	   including	   the	   presence	   of	  
cholesterol	   (Beel	   and	   Sanders,	   2008;Simons	   et	   al.,	   1998;Wahrle	   et	   al.,	   2002).	   γ-­‐
secretase	  modulators,	  NSAIDs	  and	  cholesterol	  are	  also	  known	  to	  interact	  with	  the	  
TM	  domain	  of	  APP.	  Using	  these	  compounds	  and	  the	  split-­‐luciferase	  approach,	  we	  
could	   further	   investigate	   whether	   they	   act	   on	   APP	   processing	   by	   impacting	  
dimerization	  of	   the	  amyloidogenic	  C-­‐terminal	   fragments.	  To	  conclude	  here,	  both	  
structural	   and	  environmental	   factors	   can	   induce	   conformational	   changes	   in	  APP	  
resulting	  in	  modification	  of	  processivity	  at	  the	  γ-­‐site.	  This	  is	  an	  important	  point	  to	  
keep	  in	  mind	  for	  the	  development	  of	  therapeutics	  targeting	  Aβ	  production.	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3. Role	  of	  Glycines	  from	  GXXXG	  motifs	  in	  the	  formation	  of	  
pathogenic	  Aβ	  oligomers	  
	  
Lot	  of	  recent	  evidences	  propose	  the	  non-­‐fibrillar	  Aβ	  oligomeric	   forms	  as	  the	  key	  
actors	   in	  the	  neurodegeneration	  occurring	   in	  Alzheimer’s	  disease.	  They	  correlate	  
precisely	   with	   the	   deficits	   (cognitive	   deficits,	   synaptic	   function	   impairments)	  
observed	   during	   the	   pathogenesis	   (Lesne	   et	   al.,	   2006;Chen	   and	   Glabe,	   2006).	  
Amyloidogenic	   protein	   oligomers	   are	   often	   metastable	   and	   various	   sizes	   of	  
oligomers	  coexist	   in	  heterogeneous	  mixtures.	  A	  broad	  array	  of	  Aβ	  oligomers	  has	  
been	  described,	  isolated	  or	  produced	  in	  different	  models	  (Fig.30).	  The	  process	  of	  
Aβ	  oligomerization	  has	  been	  widely	  studied	  in	  vitro,	  with	  synthetic	  Aβ	  peptides.	  A	  
clear	  advantage	  of	  this	  approach	  is	  to	  work	  on	  pure	  Aβ	  material,	  and	  to	  track	  each	  
step	  of	  the	  oligomerization	  process.	  On	  the	  other	  hand,	  Aβ	  assemblies	  have	  been	  
isolated	  from	  brain	  tissues	  of	  AD	  transgenic	  mice	  (Lesne	  et	  al.,	  2006).	  The	  precise	  
conformation	  of	  potentially	  pathogenic	  Aβ	  oligomers,	  or	  the	  relevance	  of	  in	  vitro-­‐
generated	  oligomers	  is	  an	  intense	  matter	  of	  debate	  (for	  a	  review,	  see	  Benilova	  et	  
al.,	  2012).	  We	  discovered	  a	  highly	  stable	  oligomeric	  specie	  that	  self-­‐assembles	  in	  
living	  cells.	  We	  don’t	  know	  here	  whether	  the	  oligomeric	  species	  produced	  in	  our	  
experimental	  set	  up	  include	  other	  assemblies	  or	  intermediates	  that	  are	  less	  stable	  
under	   the	   same	   conditions	   and	   thus	  not	   detected.	  However,	   they	  did	  not	   show	  
significant	   toxicity	   in	   living	   cells	   but	   obvious	   pathogenic	   properties	   on	   treated	  
neuronal	   cells.	   This	   is	   consistent	   with	   previous	   publications	   on	   Aβ	   oligomeric	  
species	  depicting	  a	  disruption	  of	  the	  neuronal	   function,	  and	  particularly	  synaptic	  
transmission	  (Lambert	  et	  al.,	  1998;Li	  et	  al.,	  2009).	  Lesne	  et	  al.	  have	  shown	  similar	  
unique	   SDS-­‐stable	   oligomeric	   assemblies	   correlating	   to	   memory	   deficits	   and	  
displaying	  a	  concentration-­‐dependent	  effect,	   independently	  of	  any	  neuronal	   loss	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(Lesne	   et	   al.,	   2006;Reed	   et	   al.,	   2011).	   These	   species	   were	   termed	   Aβ*56	   (±56	  
kDa),	  corresponding	  to	  soluble	  dodecamers.	  Aβ*56	  assemblies	  were	  identified	  ex	  
vivo	   from	   transgenic	   mice	   and	   AD	   patients	   brains.	   Further	   investigation	   of	   the	  
formation	  the	  oligomeric	  assemblies	  we	  observe	  in	  mice	  models	  or	  AD	  brains	  are	  
needed	  to	  confirm	  their	  relevance	  in	  vivo.	  	  
Nevertheless,	  the	  first	  set	  of	  results	  proves	  that	  oligomers	  are	  produced	  naturally	  
by	  expression	  in	  mammalian	  cells	  and	  can	  be	  secreted	  in	  the	  extracellular	  media	  
with	  a	  similar	  profile	  (conformation).	  We	  don’t	  know	  exactly	  if	  Aβ	  oligomers	  form	  
into	   the	   lipid	   bilayer	   immediately	   after	   production	   by	   the	   γ-­‐secretase,	   or	   in	   the	  
lumen	  of	  intracellular	  compartments.	  Our	  data	  indicate	  that	  they	  are	  enriched	  in	  
membrane	   fractions.	   This	   is	   consistent	   with	   previous	   studies	   showing	   that	  
oligomerization	  occurs	  when	  Aβ	  concentrate	  in	  vesicular	  compartments,	  reaching	  
micromolar	  concentrations	  (Hu	  et	  al.,	  2009).	  At	  physiological	  temperature	  (37°C)	  
and	   at	   high	   concentration,	   Aβ42	   has	   been	   shown	   to	   rapidly	   aggregates	   into	  
unstructured	   specific	   oligomers	   (Fu	   et	   al.,	   2015).	   The	   high	   concentrations	  
achieved	   here	   by	   direct	   expression	   of	   Aβ42	   could	   indeed	   mimic	   pathological	  
situation	  in	  which	  Aβ	  accumulates	  in	  specific	  cellular	  compartments.	  
The	  oligomers	  we	  identified	  are	  produced	  in	  cells	  either	  by	  the	  processing	  of	  APP	  
amyloidogenic	  fragment	  (C99)	  or	  by	  direct	  expression	  of	  Aβ42.	  Strikingly,	  soluble	  
Aβ	  monomeric	   forms	  are	  only	  detected	  upon	  expression	  of	   constructs	   including	  
the	   TM/intracellular	   junction	   (C99	   and	   C55)	   but	   not	   when	   Aβ42	   is	   directly	  
expressed.	   This	   needs	   further	   investigation	   as	   it	   suggests	   that	   monomeric	   Aβ	  
could	  only	  be	  produced	  by	  specific	  substrates	  in	  specific	  cellular	  compartments.	  In	  
this	  case,	  the	  direct	  expression	  of	  Aβ42	  in	  cellular	  compartments	  will	  always	  lead	  
to	   spontaneously	   massive	   aggregation	   in	   oligomers,	   without	   any	   chance	   of	  
monomeric	  detection.	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The	  apparent	  molecular	  weight	  of	  oligomers,	  reflecting	  the	  number	  of	  monomers	  
assembled,	   can	   also	   vary	  between	   cell-­‐types	   and	  environmental	   conditions.	   The	  
oligomers	  we	  observed	  were	  about	  25-­‐30	  kDa	  and	  can	  correspond	  to	  hexamers,	  
or	  less	  probably	  heptamers.	  It	  has	  been	  reported	  that	  the	  pathological	  assemblies	  
of	   Aβ	   (Aβ*56,	   ADDLs,	   globulomers…)	   are	   multiples	   of	   hexameric	   basal	   units.	  
Interestingly,	   the	   oligomers	   we	   evidenced	   are	   likely	   to	   be	   hexamers	   and	   the	  
pathogenic	   Aβ*56	   assemblies	   are	   described	   as	   dodecamers.	   Aβ	   hexamers	   can	  
serve	  as	  building	  blocks	  for	  the	  formation	  of	  high-­‐molecular	  weight	  oligomers	  or	  
fibrils	  (Bernstein	  et	  al.,	  2009;Bitan	  et	  al.,	  2003;Roychaudhuri	  et	  al.,	  2009;Ahmed	  et	  
al.,	  2010).	  Pentameric	  or	  hexameric	  Aβ	  species	  can	  also	  correspond	  to	  paranuclei,	  
the	  described	  basic	  units	  of	  protofibrils	  (Ahmed	  et	  al.,	  2010;Bitan	  et	  al.,	  2004).	  A	  
stable	   Aβ	   SDS-­‐resistant	   hexamer	   has	   been	   studied,	   that	   undergoes	  
interconversion	  to	  form	  fibrils	  (Gu	  et	  al.,	  2014).	  Hexameric	  species	  have	  also	  been	  
described	   in	  pore-­‐like	  oligomers.	  Some	  Aβ	  oligomeric	   forms	  have	  been	  reported	  
to	   insert	   in	  cellular	  membranes	  and	   form	  β-­‐barrels	  or	  cation	  channels	   (Arispe	  et	  
al.,	  1992).	  Charles	  Glabe’s	  team	  also	  demonstrated	  that	  their	  annular	  protofibrils	  
species	  (Lashuel	  et	  al.,	  2002)	  are	  made	  of	  six	  Aβ	  hexamers	  subunits	  (Kayed	  et	  al.,	  
2009;Lasagna-­‐Reeves	  et	  al.,	  2011).	  Whether	   the	  Aβ	  species	  we	  observe	  are	  “on-­‐
pathway”	  for	  fibril	  formation	  has	  not	  been	  investigated.	  They	  can	  be	  prefibrillar	  or	  
fibrillar	  assemblies.	  To	  answer	  that	  question,	  the	  structure	  of	  these	  oligomers	  has	  
to	  be	  analyzed	  more	  precisely.	  Post-­‐translational	  modifications	  have	  been	  shown	  
to	   influence	   Aβ	   oligomerization	   in	   AD	   (Kumar	   et	   al.,	   2011).	   The	   presence	   of	  
phosphorylated	   sites	   in	   these	  assemblies	   is	   interesting	   to	   investigate	   for	   further	  
characterization.	  
The	   oligomeric	   forms	   we	   observe	   are	   highly	   dependent	   of	   the	   TM	   glycines	  
present	   in	   the	  GXXXG/A	  motifs.	   Introduction	  of	   single	  and	  double	  mutations	   in	  
glycines	  of	   the	  GXXXG	  and	  GXXXA	  motifs	   changes	  drastically	   the	  ability	  of	  Aβ	   to	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form	   the	  oligomers.	   Several	   FAD	  mutations	   in	  APP	  have	   already	  been	   shown	   to	  
increase	  the	  tendency	  of	  Aβ	  to	  oligomerize	  (Nilsberth	  et	  al.,	  2001;Tomiyama	  et	  al.,	  
2008).	  More	  specifically,	  it	  has	  been	  shown	  that	  FAD	  mutations	  including	  Flemish	  
mutation	   (A21G)	   increase	   formation	   of	   hexameric	   and	   dodecameric	   species	  
(Gessel	   et	   al.,	   2012).	   Here	   again,	   a	   real	   correlation	   seems	   to	   exist	   between	   the	  
formation	  of	  hexamers	  and	  the	  pathology.	  	  
Mutation	   of	   Aβ42	   G25XXXG29	   motifs	   strongly	   increases	   the	   oligomerization.	   In	  
contrast,	   mutation	   of	   the	   G38XXXA42	   and	   particularly	   the	   Gly38	   abolishes	   the	  
assembly.	   Mutation	   of	   these	   glycine	   residues	   indeed	   dramatically	   affects	   the	  
formation	   of	   Aβ	   oligomers.	   Gly33	   and	   Gly38	   play	   a	   predominant	   role	   in	   this	  
process	   by	   shifting	   the	   monomeric-­‐oligomeric	   Aβ	   equilibrium	   toward	   the	  
formation	   of	   oligomers	   (Gly33	   mutants)	   or	   blocking	   the	   conversion	   from	  
monomers	   to	   oligomers	   (Gly38	   mutants).	   It	   can	   be	   explained	   by	   structural	  
functions	   of	   these	   residues.	   The	   turn	   in	   the	   Aβ	   structure	   at	   Gly38	   is	   a	  
characteristic	   of	   Aβ42	   oligomers	   but	   not	   Aβ40	   and	   is	   very	   important	   for	   the	   β-­‐
hairpin	   structure	   (Ahmed	   et	   al.,	   2010).	  Molecular	   contacts	   have	   been	   reported	  
between	  G38	  and	  F19	  (Luhrs	  et	  al.,	  2005)	  and	  between	  M35	  and	  A42	  (Masuda	  et	  
al.,	   2008)	   in	  Aβ42	   fibrils.	   Indeed,	  expression	  here	  of	  Aβ40,	   lacking	   the	   complete	  
GXXXA	  motif,	  did	  not	   show	  any	  oligomerization	   in	   cells.	  Gly33	   residue	   is	  part	  of	  
the	  G33LMVG37	   hydrophobic	   sequence	   forming	   a	   β-­‐strand	   and	   is	   also	   critical	   for	  
the	   conversion	   of	   antiparallel	   β-­‐hairpin	   to	   β-­‐sheet	   structure.	   Moreover,	   Gly33	  
mutation	   has	   been	   suggested	   to	   promote	   rapid	   Aβ	   oligomerization	   in	   high	  
molecular	  weight	  oligomers	  (Harmeier	  et	  al.,	  2009).	  Mutation	  at	  Gly33	  position	  is	  
thus	  very	   likely	   to	  modify	  Aβ	  conformation	   in	  a	  way	  that	   favors	  oligomerization.	  
The	  mutated	  glycines/alanine	  are	  parts	  of	  structural	  determinants	  involved	  in	  the	  
formation	   and/or	   stability	   of	   the	   oligomerization.	   However,	   these	   observations	  
await	  further	  structural	  studies	  in	  order	  to	  clearly	  understand	  how	  glycines	  33	  and	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38	   can	   control	   in	   an	   opposite	  way	  Aβ	  oligomerization	   in	   cells.	  Our	   results	   bring	  
insight	   to	   the	   idea	   that	   intrinsic	   properties	   of	   Aβ40	   and	   Aβ42	   govern	   their	  
different	  involvement	  in	  pathogeny.	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4. General	  conclusions	  
	  
My	   thesis	   work	   aimed	   at	   bringing	   novel	   insights	   in	   the	   role	   of	   GXXXG	   motifs	  
present	  in	  APP	  TM	  region.	  These	  motifs	  were	  suggested	  to	  mediate	  dimerization	  
of	   APP,	   despite	   recurrent	   and	   growing	   debate.	   We	   adapted	   and	   used	   a	   very	  
recent	  approach	   (split	   luciferase)	   to	  confirm	   that	  APP	  ectodomain	  plays	  a	  major	  
role	   in	   its	  dimerization.	  APP	  dimerization	   is	   influenced	  by	  structural	  determinant	  
present	   in	   the	   intracellular	  part	  of	   the	  protein	  and	  probably	  also	  by	   interactions	  
with	  contributors.	  Dimerization	  may	  not	  modulate	  directly	  the	  processing	  of	  APP	  
at	  the	  γ-­‐secretase	  cleavage	  site,	  but	  more	  likely	  shifting	  the	  processing	  toward	  the	  
non-­‐amyloidogenic	  pathway.	  GXXXG	  motifs	   are	  present	   in	   a	   region	  where	  many	  
FAD	  mutations	  are	  clustered.	  Mutation	  of	  APP	  GXXXG	  motifs	  critically	  impairs	  APP	  
processing	  by	  the	  γ-­‐secretase.	  GXXXG	  motifs	  were	  therefore	  suggested	  to	  mediate	  
dimerization	  of	  APP,	  regulating	  Aβ	  production.	  According	  to	  our	  results,	  mutations	  
of	  APP	  GXXXG	  and	  GXXXG-­‐like	  motifs	  do	  not	  critically	  affect	  dimerization	  of	  APP	  
CTFs.	  
However,	  we	  show	  for	  the	  first	  time	  that	  GXXXG	  and	  GXXXG-­‐like	  motifs	  are	  critical	  
for	   an	   other	   important	   aspect	   of	   Alzheimer’s	   disease:	   the	   formation	   of	   highly	  
stable	  and	  pathogenic	  Aβ	  oligomers	   in	   the	   cells.	   The	  mutation	  of	   the	  glycine	  38	  
residue	   (from	   the	  GXXXA	  motif)	   strongly	   inhibits	   Aβ	   oligomerization	   and	   rescue	  
the	   pathogenic	   effects	   of	   the	   oligomers	   observed	   on	   neurons.	   The	   better	  
characterization	  of	  these	  oligomeric	  species	  and	  their	  role	  in	  Alzheimer’s	  disease	  
could	   lead	   to	   a	   better	   understanding	   of	   Alzheimer’s	   disease	   and	   eventually	  
effective	  therapeutic	  outcomes.	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